Transition metal ion catalyzed oxidation of a residual lignin-related compound by alkaline hydrogen peroxide. by Smith, Philip K.




Transition Metal Ion Catalyzed Oxidation of a




TRANSITION METAL ION CATALYZED OXIDATION
OF A RESIDUAL LIGNIN-RELATED COMPOUND BY
ALKALINE HYDROGEN PEROXIDE
A thesis submitted by
Philip K. Smith
B.S. 1978, Miami University
M.S. 1980, Lawrence University
in partial fulfillment of the requirements
of The Institute of Paper Chemistry
for the degree of Doctor of Philosophy
from Lawrence University,
Appleton, Wisconsin
Publication Rights Reserved by









Alkaline Hydrogen Peroxide Decomposition 6
Hydrogen Peroxide Oxidation of Lignin-Related Compounds 10
THESIS OBJECTIVE 18
EXPERIMENTAL APPROACH 19
RESULTS AND DISCUSSION 23
, H202/MBB Oxidation Reactions 23
Control Reaction 23
Stabilized Reaction Run 27
Catalyzed Reaction Runs 27
H202 Consumption 28
MBB Degradation 31.




Hydrogen Peroxide Decomposition 37
With No Additives 37
With Metal Ions Added 39
With MBB Present 40
MBB Oxidation 44
Effect of Ferricyanide 45
iii
Effect of Fe and Mn 46
Effect of Cu 49
Kinetic Models 52
Catalytic Effectiveness 55




Influence of Metal Ions 61
Reacted MBB Balance 65
Possible Reaction Pathways 67
General Comments 67




SUGGESTIONS FOR FUTURE WORK 82
EXPERIMENTAL 83
General Analytical Procedures 83














Monomethyl Ether of MBB
Reaction Procedures and Solution Analysis
Reactor System
Preparation of Reaction Solutions
Reaction Sampling






Methylation and Hydrogenation of Acidic Products
Test of Product Stability in Alkali
ACKNOWLEDGMENTS
LITERATURE CITED
APPENDIX I. HYDROGEN PEROXIDE DECOMPOSITION DATA
APPENDIX II. HYDROGEN PEROXIDE/MBB REACTION DATA
APPENDIX III. CALCULATION OF TOTAL ACIDIC GROUPS
APPENDIX IV. KINETIC RATE DATA AND PLOTS




























APPENDIX VI. KINETIC MODEL FOR XI FORMATION 128
APPENDIX VII. GAS-LIQUID CHROMATOGRAPHY 130
APPENDIX VIII. PRODUCT IDENTIFICATIONS - 133
APPENDIX IX. GAS CHROMATOGRAPHY-MASS SPECTRAL ANALYSIS 150
APPENDIX X. DETERMINATION OF pka's OF THE PHENOLIC HYDROXYLS OF MBB 155
ABSTRACT
This thesis deals with the mechanisms of reactions believed to occur during
. . . . -. .. . , ;
the delignification of kraft pulp by alkaline hydrogen peroxide or oxygen. The
kinetics and mechanistic pathways of the reaction between 1,1'-methylenebis-
(2-hydroxy-3-methoxy-5(2-carboxyethyl)benzene) (MBB) and alkaline H202 was
investigated with and without the addition of transition metal ions. The
substrate was chosen to represent the condensed phenolic structural units which
may be present in..the residual lignin.of unbleached softwood kraft pulps.
All reactions were conducted at 45°C and pH 11.0-11.4 in a Teflon-lined
reactor. Precautions were taken to ensure that the system was free of con-
tamination by catalytic impurities. The consumption of MBB and H202, and the
formation of MBB degradation products were followed over the course of the reac-
tion. Peroxide decomposition was monitored by continuously measuring the volume
of oxygen evolved.
The addition of a catalytic amount of Cu (12 PM CuS04), Mn (21 pM MnS04), Fe
(300 UM FeS04), or ferricyanide (300 PM K3Fe(CN) 6) ion changed the rate and the
order with respect to hydrogen peroxide concentration for both MBB oxidation and
H202 decomposition. The metal ions differed from one another in these respects.
In the presence of added Cu, MBB oxidation was zero order in H202. Fe and Mn
catalyzed H202 decomposition more than MBB oxidation, while ferricyanide was a
more effective catalyst for oxidation than for decomposition. Under conditions
in which H202 decomposition was strongly inhibited (by addition of stabilizers),
MBB was found to be unreactive.
Addition of metal ions did not induce major changes in the stoichiometry or
reaction products. The nature of the observed product mixture is consistent
with the intermediacy of cyclohexadienone hydroperoxides which result from
-2-
reaction of superoxide (O2 ) or oxygen with the phenoxy radical of MBB. A major
primary route of MBB degradation involves direct cleavage of the diphenylmethane
bond.
These results indicate that transition metal ions perform two central roles
in the alkaline H202 oxidation of phenolic lignin units: catalysis of H202
decomposition into reactive intermediates and phenoxy radical formation. Both
reactions can be catalyzed to different extents by different metal ion species.
The practical significance of these findings is discussed with reference to




Demands for improved environmental quality have created a need for the pulp
and paper industry to develop bleaching processes with substantially reduced
effluent BOD, toxicity and color loads. New processes utilizing hydrogen
peroxide to partially delignify alkaline chemical pulps prior to conventional
bleaching have recently been developed for this purpose. The effluent from the
peroxide stage can be sent to the recovery unit, thus decreasing the pollution
load emanating from the bleach plant.
The chemistry associated with peroxide delignification is quite complex and
not fully understood. Catalytic quantities of transition metal ions present in
pulp (e.g., iron, manganese, copper) strongly influence peroxide delignifica-
tion. A review of the literature indicates that transition metal ions play two
roles. First, these metals catalyze the decomposition of hydrogen peroxide into
radical intermediates which can react with lignin. Second, they can catalyze
phenoxy radical formation which is believed to be the first step in the oxida-
tion of phenolic lignin units.
This investigation was directed at obtaining a better understanding of the
effects of these catalysts on the reaction rates and pathways of peroxide
delignification. Improved knowledge in this area should aid in finding ways to
more efficiently utilize hydrogen peroxide in the delignification of chemical
pulps. In addition, this study is relevant to oxygen bleaching, since the
chemistry associated with both processes is closely related.
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BACKGROUND
Since peroxide delignification is relatively new technology, certain general
aspects of the process will first be reviewed. Following this, the mechanisms
of alkaline hydrogen peroxide decomposition and peroxide delignification are
examined.
Peroxide Delignification
The technical feasibility of using hydrogen peroxide as a delignifying agent
in the first stage of a bleach sequence for alkaline chemical pulps has only
recently received attention (1-9). Studies demonstrate that the efficiency and
selectivity of lignin removal is comparable with oxygen bleaching (1,4). Whereas
oxygen bleaching is a well established commercial process (10), the use of
hydrogen peroxide to delignify pulps is a quite new development. Indeed, the
first (and so far only) commercial implementation of peroxide delignification
was in 1979 in a 600 tpd hardwood kraft mill (9).
Generally, a 30-50% reduction in lignin content can be achieved with reason-
ably low levels of peroxide addition (1-3% H202 on ovendry pulp). For example,
Lachenal and co-workers (6) report that the optimum conditions for peroxide
delignification of softwood kraft pulp (kappa No. 30) are:
- 12-20% consistency - 2.5% NaOH on ovendry pulp or
- 2 hour retention time a starting pH of 12.5
- 80-100°C temperature - 1% H202 on ovendry pulp
Under these typical peroxide delignification conditions, the kappa number was
reduced by 40% without affecting the strength properties of the pulp. Comparable
results are achieved in commercial oxygen bleaching under these representative
conditions: 10-30% consistency, 0.5-1.5 hour retention, 90-130°C, 0.5-5% NaOH
(on ovendry pulp), and 5-15 atm oxygen pressure.
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The effects of the trace levels of transition metal ions present, in pulp on
peroxide delignification have not been fully investigated. However, it is
apparent that these metals can have both detrimental and beneficial effects on
the efficiency of peroxide delignification (3-5,8). Metal catalysis of hydrogen
peroxide decomposition is probably, responsible for the negative effect. Signifi-
cant amounts of the applied peroxide charge can be lost through a rapid decom-
position to oxygen.
A number of researchers (3-5) have shown that removal of metal ions from
pulp (by, pretreatment with acid and/or chelating agents) significantly enhances
the extent of. peroxide,delignification. Of the metal ions commonly found in
pulp, manganese appears to be the most detrimental (3,4). Results of experi-
ments (Table 1) by Lachenal, et al. (4) illustrate the negative impact that
transition metal ions (particularly manganese) have on peroxide delignification.
Table 1. Effect of increasing the metal ion content of kraft pulp on
peroxide delignification (P) in. alkaline medium (4).
Pulp Washed with 0.OON H2 S0 4
- + Mn + Mn + Cu + Cu + Fe + Fe
- 20 ppm 100 ppm 10 ppm 50 ppm 20 ppm 50 ppm
Concentration, ppm
Fe 31 31 31 31 31 51 81
Cu 4 4 4 14 54 4 4
Mn 10 30 110 10 10 10 10
Kappa No. after
P Stage 17.4 20.0 21.0 18.0 18.8 18.4
Note: P stage conditions - consistency 12%; NaOH 3%; H202 1.5%; 90°C;
Initial kappa No. = 30.
Acid washing conditions'- consistency 3%; 20°C;-30 min.





Model compound studies (discussed later) show that peroxide. decomposition is
necessary for phenolic lignin units to be attacked by hydrogen peroxide. In
agreement with this, experiments with pulp have shown that addition of peroxide
stabilizers can inhibit peroxide delignification (8). Thus, it is believed that
peroxide delignification should be most efficient when hydrogen peroxide decom-
position is controlled at a suitable (low) rate (3,8).
Alkaline Hydrogen Peroxide Decomposition
A substantial body of literature concerning the decomposition of hydrogen
peroxide exists. It is well known that hydrogen peroxide decomposes at a
greater rate in alkaline solution than in either neutral or acidic media.
Noting that hydrogen peroxide is a weak acid [pKa = 11.8 (11)1, some researchers
have ascribed this alkali-induced decomposition to the hydrogen peroxide species
(H202 , H02) acting as oxidant and reductant'in either an ionic (12.,13) or radi-.
cal (14,15) bimolecular mechanism (Fig. 1). In support of this mechanism, Duke
and Haas (13) and others (12,16,17) have reported finding a maximum in the
decomposition rate at a pH equal to the pKa of H202.
H20 2 + HO' HO + H20
° -" ' -/ D o HO- + H2O
Figure 1. Proposed (a) radical (15), and (b) ionic (13)
bimolecular mechanisms for the decomposition
of hydrogen peroxide in aqueous alkali.
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However, several researchers have shown that this rate maximum is.due.to the
catalytic effect of trace contaminants (18,19). In purified alkaline solutions,
the rate is generally observed to remain constant or gradually increase with an
increase in pH (18-21). The preponderance of evidence in the literature indicates
that the major (and perhaps only) mechanism operatingisa free radical redox
chain mechanism involving catalytic quantities of transition metal ions (18-22).
The fact that silicates, magnesium salts, or chelating agents stabilize
alkaline solutions of hydrogen peroxide (18,19,21), strongly supports this view.
The first two additives are thought to remove transition metal ions from alka-
line solutions through coprecipitation with magnesium hydroxide or adsorption
onto the colloidal surfaces of silicates (23-25). Chelating agents form
complexes with the metal ions which are usually inactive as catalysts (21,26).
In addition, ESR spectroscopy has been used to detect the presence of radi-
cal species formed during peroxide decomposition (14,19,27,28). Galbacs and
Csanyi (19) found that the radical concentration (and decomposition rate) of an
alkaline hydrogen peroxide solution increased considerably upon addition of iron
salts.
Figure 2 presents a reaction scheme which I believe describes the important
steps occurring during alkaline hydrogen peroxide decomposition after having re-
viewed the pertinent literature. In this scheme, M and M+ represent the reduced
and oxidized states of the transition metal ion with its associated ligands.
Reactions (1) and (3) define the catalytic cycle involving oxidation/reduc-
tion of metal ions and formation of hydroxyl and hydroperoxy radicals. This
cycle is analogous to the chain mechanism proposed by Barb et al. (29) for the
ferrous ion catalyzed decomposition of hydrogen peroxide in acid solution
-8-
(i.e., Fenton's reagent). Considerable insight into the properties and reactions










HO' + HO- + M+
H02- + H20
HOj + M













HO' + HO 2- - H20 + 02 (8)
HO + M - HO- + M+ (9)
HO- + HO. - H202 (10)
Figure 2. Proposed metal-catalyzed radical chain
mechanism for decomposition of hydrogen
peroxide in aqueous alkali.
Under alkaline conditions, essentially all of the hydroperoxy radicals
formed from the metal ion oxidation of hydrogen peroxide [Reaction (3)] exist as
superoxide radical anions [pKa = 4.8 (32)1. Superoxide can undergo further
reactions which result in the formation of oxygen [Reactions (5)-(7)]. A large
number of metal ions and metal complexes have been shown to be efficient single-
electron oxidants of superoxide (33,34). In addition, hydroxyl radicals oxidize
superoxide at diffusion controlled rates [k6
= 1 x lOM10 - 1 s1. (35.)].
The rate of superoxide disproportionation [Reaction (7)] is highly dependent
on pH and the presence of transition metal ions (36,37). In very pure aqueous
-9-
solutions the rate of this reaction decreases rapidly with increasing pH. [e.g.,
at pH 7 k7'= 5 x 10
5M- 1 s- 1 and at pH"12 k7 = 5M-.
1 s- 1 (36).]. However, trace
levels of transition metal. ion. species can effectively catalyze Reaction (7)
(36,38).
A number of researchers have presented experimental evidence which indicates
that a portion of the oxygen produced from superoxide disproportionation (39-41)
or alkali-induced peroxide decomposition (42,42) is in the singlet state,
102( Ag). However, to the contrary, results of other studies indicate that
little or no 102 is formed in these reactions (44-46). This is still a matter
of considerable debate, and whether 102 is a product of hydrogen peroxide decom-
position in aqueous alkali is purely speculative.
Superoxide reduction of hydrogen peroxide by the so-called Haber-Weiss reac-
tion (47) [Reaction (11) below] is not a likely step in the chain mechanism
r . ; :. r . .
(48). This reaction has been reported to occur at rates which are too slow to
compete with more favorable reactions [kll = O.13M-1 s 1 (49)1. The insignifi-
cant rate of Reaction (11) indicates that the decomposition chain cannot be
propagated by this reaction. This provides additional support for the role of
metal ions in the chain mechanism (Fig. 2).
" - . H2 02 + O °2 -- > H + O -+ 02 .. (11)
The highly reactive hydroxyl radical can undergo other reactions in the
system like those illustratedby Reactions (8)-(10) of -Fig. 2.. Since these
reactions are very rapid [e.g.,' k8 = 7.5 x 10
9M- 1-s 1 (50) and k 10 = 5 x ,
1 010 -1
s' 1'35_)], the'steady state concentration of hydroxyl radicals is extremely low
[1 x: 10-17M in purified alkaline H2 02 (19_)] . Reaction, of HO. with H202 occurs
at a much lower rate [k = 2.7 x 107M - 1 s-1 (50) than with H02 [Reaction (8)].
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At higher alkalinities (pH > 12) the weakly acidic hydroxyl radical [pKa =
11.9 (30)] exists mainly as the oxide radical ion, 0'. Like the hydroxyl radical,
0' can rapidly react with H02 (and H202) to form superoxide [k12 = 4 x 10
8r -1 s-
(50)].
0' + H02 (H202) > HO--+ o2 (HO ) , (12)
The oxide radical ion, unlike HO", reacts readily with dissolved oxygen to
form the ozonide ion, 03 [k 1 3 = 2.9 x 109M
- 1 s - 1 (31)]. The reactions of 03 are
characterized by a rate determining step of dissociation of 03 to 0' (51,52).
0 + 02 = o3 (13)
Several forms of the transition metal ions (M or M+) may catalyze hydrogen
peroxide decomposition. In alkali these metal ions form hydroxides and oxy-
hydroxides of limited solubility which function as heterogeneous catalysts
(18,20,53). Soluble forms of transition metal ions (e.g., hydrated, chelated,
and complexed) serve as homogeneous catalysts (53). For example, ammonia and
citrate complexes of cobalt (54), and the iron chelates - Fe(III)-EDTA (55) and
Fe(III)-DTPA (26) - are catalytic. The transition metal ions in pulp are prob-
ably present in both forms. Insoluble sulfides and/or hydroxides likely form
during the pulping process. Also, metal ions complexed by certain pulp consti-
tuents [e.g., hydroxy acids and polyols (23,56,57)1 are probably present.
Hydrogen Peroxide Oxidation of Lignin-related Compounds
In a comprehensive review of the reactions of lignins and model compounds with
hydrogen peroxide and oxygen in alkali, Gierer and-Imsgard (58) pointed out that
phenolic and enolic structures in lignin constitute the main sites of initial
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oxidative attack. During oxygen and peroxide delignification both oxidants (02
and H202) are involved in each process, but to greatly varying.extents. In oxy-
gen bleaching small quantities of hydrogen peroxide are generated by autoxida-
tion reactions with both the carbohydrates and lignin. On the other hand, low
levels of oxygen are present during peroxide delignification as the result of
partial decomposition of the bleaching reagent (58).
In alkaline hydrogen peroxide, phenolic model compounds (and lignin units)
are extensively degraded via side chain displacement and/or ring fragmentation
reactions (58-63). Suchreactions are important in delignification, since they
break up the lignin macromolecule and make the fragments more hydrophilic (58).
Examples of these types of reactions are illustrated by the work of Bailey
and Dence (59). They investigated the alkaline hydrogen peroxide oxidation of
creosol and a-methylvanillyl alcohol. The reaction pathways depicted in Fig. 3
were proposed by them to account for the identified products from these two
lignin-related compounds.
Until recently, these reactions were presumed to result mainly from the
action of the hydroperoxy anion (HO2) on the phenolic substrate (64). Studies
have now demonstrated that simple phenolic compounds are not attacked by the
hydroperoxy anion (16,65). Agnemo and Gellerstedt (16,65) showed that in the
presence of a peroxide decomposition stabilizer (sodium silicate),. and under a
nitrogen atmosphere, 'creosol, and a-methylsyringyl alcohol are unreactive in
alkaline hydrogen. peroxide. In the absence of stabilizers, or when peroxide
decomposition is catalyzed by addition of transition metal ions, these model
compounds are rapidly degraded (16,61,62,65.).. These results indicate that
hydrogen peroxide decomposition products (viz. 02, 02, HO-) are the species
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(b) Reaction pathways for o.-methytvaniltyl
alcohol: A - major, 8 - minor.
Sequences for the reactions of (a) creosol, and (b) a-methylvanillyl




















Kratzl, et al. (62,63,66) have studied the reactions of creosol under alka-
line oxygen and hydrogen peroxide conditions in great depth. They conclude from
their studies that the degradation of phenols by both oxidants proceeds by the
same reaction pathways. Thus the chemistry associated with both oxygen and
peroxide delignification is closely related.
.In oxygen-alkall ,. it has been well documented that the reaction of phenolic
substrates proceeds through, initial formation of. a cyclohexadienone hydro-
peroxide (58). The generally recognized mechanism (67-72) for the formation of
these intermediates is presented in Fig. 4 and discussed below.








Figure4. . Oxidation scheme for substituted phenols under
alkaline oxygen and/or hydrogen peroxide con-
ditions (16,67-72).
Formation of a resonance-stabilized phenoxy radical (Fig. 4) represents the
rate-determining step in.the.reaction.scheme (67-71).) Phenoxy radicals arise
i ,
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from the single-electron oxidation of phenolate anions (73,74). Their existence
has been verified by ESR spectroscopy (73,75). In addition,.. the formation of:
dimers (from phenoxy radical coupling) under alkaline oxidative conditions is
well known (76).
Many transition metal ion species are quite effective single-electron oxi-
dants for phenoxy radical generation (69,72,75). Landucci (69) has shown that
the dimerization of 2-t-butyl-4-methylphenol is catalyzed by various trace
metal ions under alkaline conditions in the presence of oxygen. His results
(Table 2) show that copper and manganese (hydroxides/oxides) are more effective
catalysts for phenoxy radical formation than iron (hydroxides/oxides) (69,72).
The results also suggest that oxygen itself is a relatively poor oxidant for
phenoxy radical formation. As a possible explanation for these findings,
Landucci (69) proposed that the oxidized state of the catalyst (M+) acts as an
electron transfer agent between the phenolate anion and oxygen (Fig. 5).
Table 2. Influence of transition metals on the oxidative
coupling of 2-t-butyl-4-methylphenol. Reaction
conditions: 80°C, 3 hr, 50 psig oxygen, pH 9
buffer system, 1:30 metal to phenol molar ratio
(69,72).








aWeight percent based on mixture of monomer and dimer.
bTreated with chelating resin.
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i - .:I - . ,, ,002
Figure 5. Catalytic formation of phenoxy radicals by transition metal ion
species (M+) under alkaline oxidative conditions (69).
Both hydroxyl radicals and oxide radical ions (from peroxide decomposition)
are also capable of forming phenoxy radicals from phenols (77,78). Hydroxyl
radicals react by an addition mechanism (followed by elimination of H20 or HO-)
(77), while O° reacts by a direct electron transfer (78).
Superoxide is likely formed at a rate which is proportional to the rate of
peroxide decomposition (19). Once a resonance-stabilized phenoxy radical.is
created it can rapidly couple with available superoxide (16,79,80.) to form a
(para or ortho) cyclohexadienone hydroperoxide intermediate (Fig. 4). This
intermediate may also arise from the addition of oxygen (from peroxide decom-
position) to a phenoxy radical followed by reduction of the resulting hydro-
peroxide radical (Fig. 4) (70,81).
The reactions of cyclohexadienone hydroperoxides under alkaline conditions
in the presence (and absence) of oxygen have been extensively studied (58,66,68,
72,82). Under alkaline hydrogen peroxide conditions the reaction pathways are
probably quite similar (62,63), but more extensive degradations occur due to the
much higher concentration of hydroperoxy anions in this system.
In their studies on the autoxidation of t-butyl-substituted phenols in alka-
line media, Gierer and Imsgard (67) classified the primary reactions of cyclo-
hexadienone hydroperoxides as follows: (a) conversion to quinols, (b)
rearrangement to epoxidated quinols, (c) dehydration to quinones, and (d)
rearrangement with cleavage of the ring to muconic acid derivatives. Examples










"'" O CH3 HO \ HO-O ^ OCH, OCH3
OH O O
HOe H®Q
OCH 3 OI OCH -CHOHO I
0"0eO 0 COOH
Figure 6. Examples of primary reactions of cyclohexadienone hydroperoxides
from the autoxidation of 4-t-butylguaiacol in alkaline media (67):
(a) conversion to quinols, (b) rearrangement to epoxidated
quinols, (c) dehydration to quinones, and (d) rearrangement with
cleavage to muconic acid derivatives.
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The products of these primary reactions (viz. quinols, quionones, epoxy
quinols, and muconic acid structures) are rapidly degraded under alkaline hydro-
gen peroxide conditions by a number of possible reaction pathways (62). These
reactions involve nucleophilic additions of HO-/HO2 - followed by alkaline and
oxidative conversions and degradations to lower molecular weight acidic products
(59,62,67,76,82). Examples will be shown in the MBB Oxidation Products section.
-18-
THESIS OBJECTIVE
The broad goal of this study was to increase our understanding of the chem-
isty associated with peroxide delignification of alkaline chemical pulps. Based
on the literature, it is evident that hydrogen peroxide decomposition is a
necessary condition for extensive lignin degrading reactions to occur (16). The
presence of transition metal ions should play a central role in these reactions.
These ions not only catalyze hydrogen peroxide decomposition, but can also par-
ticipate in the oxidation of phenolic lignin units via phenoxy radical formation
(69). Thus, the specific goal of this study was to investigate the effects that
individual transition metal ions have on lignin degrading reactions.
-19-
"' ... * , .! *;>!* EXPERIMENTAL:APPROACH : ' :'"
In order to study the effects of transition metal ions on peroxide deligni-
fication of pulp at a fundamental level, a model system was employed. Briefly,
a model compound related to residual lignin in pulp was reacted in alkaline
hydrogen peroxide solutions containing: added transition metal ions. The reac-
tion pathways for this model, and the effects of the metals on these pathways
were determined by examination of the reaction products. Further effects were
assessed through a study of the reaction kinetics.
A diphenylmethane structure was chosen for the model substrate under the
assumption that residual lignin is a high molecular weight, highly condensed
structure formed during the pulping process: (83 ,84). Diphenylmethane structures
(Fig. 7) are formed by condensation of phenols with quinone methides or for-
maldehye. (85-87) Formaldehyde is present during pulping as a result of..a
retrograde aldol condensation reaction of y-carbinol groups in lignin (88,89)..
Direct 13C-NMR spectroscopic evidence for the presence of these structures in
kraft lignin has recently been presented (90,91).. .. . -'
: ." .'. ! , . . , .- .r .:
- rCHCHH
a H 3CO CH 3
/ " OCH3 OH ': .' 'OH
OH :
(a:) ,. (b)
Figure 7. Diphenylmethane lignin structures resulting from (a) a-5', and
(b) phenol-formaldehyde condensation reactions during pulping.
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The model selected - 1,1'-methylenebis(2-hydroxy-3-methoxy-5(2-carboxyethyl)-
benzene) or MBB - is shown in Fig. 8. In addition to having a relatively straight-
forward synthesis, MBB is very soluble in aqueous alkali. This made the need
for an organic cosolvent unnecessary. The presence of a cosolvent in the reac-
tion system would have caused several interferences.
R R
H 3CO CH2 OCH3
OH OH
MBB R =-CH 2-CH2 -COOH
Figure 8. Structures of the model compound: 1,l'-methylenebis(2-hydroxy-3-
methoxy-5(2-carboxyethyl)benzene), or MBB.
Three common transition metal ions found in alkaline chemical pulps (iron,
copper, and manganese) were chosen as additives. In separate reactions, the
effects of each metal ion on the peroxide oxidation of MBB was studied. Each
metal was added at a level (Table 3) which gave approximately the same increase
in hydrogen peroxide decomposition in the absence of MBB (see Kinetics section).
Table 3. Levels of metal ion additives. Reaction
conditions: [MBB]o
= 20 mM, [H202]o =
100 mM, pH 11.0-11.4, 45°C.
Reaction Additive Conc., uM
Controls --
Cu CuS0 4 12





In. the presence of H202 and dilute alkali, these metal ions probably exist
as hydrated metal oxides in high oxidation states (viz. Fe 2 Q3 , CuO,,.MnQ2 ), (9'2).
At pH 11 (and 25°C) the solubilities of these oxides are reported to be: Fe 2 03
"' * . - .: ' : .-. ' : . . ' : . ..
- 1.7 x 10-10M, CuO - 2 x 10-9M, MnO2 - insoluble (93). Therefore, the levels
in Table 3 are not true solution concentrations.
Ferricyanide ion (Table 3) was included in the study because it is a well
known single electron oxidant of phenols under alkaline conditions (72). Also,
it is totally soluble in alkali; thus a homogeneous system was obtained. It was
added at the same level as FeS04.
Standard reaction conditions for all MBB oxidations were: pH 11.0-11.4,
45°C, [MBB]o = 20 mM, [H202] o = 100 mM. These conditions were selected in order
to provide sufficient degradation of MBB at reasonable reaction rates. In addi-
tion, the state of ionization of MBB is essentially constant over this pH range.
MBB predominantly exists with only a single phenolic hydroxyl group (and both
carboxylic acid groups) ionized around pH 11 (Appendix X).
Reactions were conducted in a magnetically-stirred Teflon-lined batch reac-
tor. The reactions were initiated by injecting a concentrated H202 solution
into the reactor containing the MBB solution and metal additive at 45°C. The
solution pH was rapidly adjusted to 11.0 within the first minute. Reaction
samples were periodically removed and analyzed for remaining reactants (MBB and
H20 2) and selected MBB oxidation products.
The extent of hydrogen peroxide decomposition was monitored independently of
its consumption by the substrate by continuously measuring the volume of oxygen
evolved during the reaction. Separate experiments in the absence of MBB
-22-
demonstrated that this technique provides a good estimation of peroxide decom-
position (Appendix I: Tables 14, 17).
Experimental procedures are detailed in the Experimental section, and reac-
tion data are tabulated in Appendixes I and II.
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RESULTS AND DISCUSSION
This section of the thesis is divided into three major parts. General
aspects of the reaction of MBB in alkaline hydrogen peroxide are considered in
the first part. In particular, the stability of MBB to hydroperoxy anions and
the catalytic effects of added metal ions on the consumption of the reactants
(H202 and MBB) are demonstrated.
A kinetic analysis of the reaction data is presented in the second part of
this section. This analysis shows that added metal ions strongly influence the
reaction kinetics.
Finally, in the third part, the formation of MBB degradation products are
examined. The results indicate that metal ions have little influence on the
types or distribution of products formed during MBB oxidation. Possible reac-
tion pathways to account for the observed products are also presented.
H202/MBB Oxidation Reactions
Control Reaction
Initial H202 decomposition and MBB oxidation reactions without additives
were conducted to establish baseline data for comparisons and to check the
reproducibility of the reactions. As indicated in the Background section,
peroxide decomposition is extremely sensitive to the presence of trace con-
taminants. In this study high purity reagents and careful experimental tech-
niques were employed to obtain reproducible results. As illustrated in Fig. 9.
these efforts were successful, since triplicate H202 decomposition runs (in the
absence of MBB) showed very good reproducibility.
Duplicate MBB/H 202 oxidations (designated Control and Control-A reactions)
were performed under the standard reaction conditions. The procedure for the
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Control-A reaction differed from the standard procedure used for the Control and
all subsequent reaction runs. In the Control-A run the order of reactant addi-
tion was reversed, i.e., the reaction was initiated by addition of a concentrated
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REACTION TIME, min
Figure 9. Hydrogen peroxide decomposition in the absence
of MBB (45°C, initial pH 11.0). The runs were
performed on the following dates: B-1, 9/14/
1981; B-3, 9/29/1981; B-14, 5/11/1983.
Both procedures gave similar rates of reactant consumption and product forma-
tion (Fig. 10-12). This demonstrates that the Control reaction was reproducible
-25-.
and not influenced by the order of addition of the two reactants. Over the
course of the reaction (300 min), 85% of the initial hydrogen peroxide charge
was consumed (Fig .10). Of this amount, ca. 42% had decomposed to oxygen (Fig.
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10. Residual and decomposed hydrogen peroxide
levels as a function of time for the Control
MBB reactions (initial pH 11.0, [MBB 0] =
20 mM, 45 0 C).
The two Control reactions also gave the same rate of formation of methanol
(Fig. 12). Methanol results from demethoxylation of MBB and its reaction prod-
ucts. The yield of methanol (at 300 min ) represents ca.,,68% of the theoretical
amount based on MBB consumed (two' methoxyis per-MBB).--The formation of methanol
and other products is examined inifurther detail in the MBB Oxidation Products
section. ' . -. * . .. .
;· · .. . : - " ~ ,
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Stabilized:Reaction Run .. ;,i
The stability of MBB to hydroxyl and hydroperoxy anions was demonstrated by
adding MBB to an alkaline solution of hydrogen peroxide containing decomposition
inhibitors (sodium silicate and magnesium sulfate). The results (Table 4) show
that these additives effectively inhibited peroxide decomposition, and, in
accord with the results of previous studies of the reactions of H202 with other
lignin compounds (63,64), inhibited MBB oxidation.
,. . . Table.4. Stabilized reaction run.
,, . Reaction [H202], [MBB], ., [Methanol],
time, min mM mM mM
0 101.3 20.4 0.0
20 101.3 20.4 0.0
100 98.8 ND ND
200 96.5 20.1 1.1
275 95.9 20.3 ND
ND - Not determined.
Note: The reaction solution contained 10 mM
MgSO4/5 mM Na2SiO 3 and was continuously
purged with N2 (pH 11.0, 45°C).
The results of the Control and Stabilized reaction runs indicate that simple
phenolic units are not subject to initial attack by hydroperoxy anions. Thus
hydrogen peroxide decomposition is a necessary condition for these groups to be
degraded in lignin.
Catalyzed Reaction Runs .
The addition of trace amounts of the transition metal ions (Table 3) had
marked catalytic effects on the rates of reactant consumption and product for-
mation. The effects on reactant consumption, total acidic products formation,
and reaction stoichiometry are examined in this section, while the effects on
-28-
the formation of individual products are considered in the.MBB-Oxidation
Products section. Data for the'reaction runs are tabulated in Appendix II:
H202 Consumption
During each reaction run hydrogen peroxide was consumed through (1) decom-
position to oxygen, and (2) reaction with MBB (and its products). Therefore,
the plot of residual peroxide concentration as a function of reaction time (Fig.
13)* represents the net effect of the catalysts on the rates of these two reac-
tions. The effects on the rate of peroxide decomposition were separately deter-
















Figure 13. Effects of added metal ions on the residual
level of H202 during the MBB reactions (initial
pH 11.0, [MBB]o ='20 mM, 45
0C, added metal ion
levels given in Table 3).
*The curves in Fig. 13-15(a) showed a very close fit to the data in all cases.
Thus, for the sake of clarity, only the data points for the'Control reaction
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Effects of added metal ions on the decom-
position of H202 during the MBB reactions
(initial pH 11.0, [MBB] = 20 mM, [H202] =
100 mM, 45°C, added metal ion levels given
in Table 3).
The amount of hydrogen peroxide consumed in oxidation reactions with MBB is
equal to the difference between the initial peroxide concentration and the sum
of the residual and decomposed peroxide concentrations [Eq. (14)]. Figure 15(a)
illustrates the effect of the catalysts on the rate of hydrogen peroxide con-
sumption by MBB. -
[H202]c = [H202] 6 - ([H202r + [H202]d) (14)
Comparisons ofFig. 14 and.15(a) show that the metals catalyzed peroxide
decomposition and its reaction with MBB to different extents. The plot of










consumed H202 as a function of residual peroxide concentration [Fig. 15(b)]
demonstrates that in the FC and Cu reactions, the limiting reactant (H202) was
utilized in MBB degradation reactions to about the same extent as in the Control.
However, in the Mn and Fe reactions significantly less peroxide was consumed in
this manner. Thus the added Mn and Fe catalysts caused greater amounts of the
peroxide to decompose to oxygen. This matter is discussed further in the Kine-
tics section where it is treated in a more quantitative manner.
MBB Degradation
The Cu, Mn, and FC additives clearly catalyzed MBB degradation with Cu exert-
ing the strongest effect (Fig. 16). The Fe additive apparently had no effect,
since it followed the degradation curve for the Control. However, since the
peroxide concentration in each run varies to different extents with time (Fig.
13), the MBB degradation curves cannot be directly compared. In other words,
Fig. 16 represents the net effect of catalysis of H202 decomposition and oxida-
tion of MBB. These effects were separated through an analysis of the reaction
kinetics for each system (results discussed in the Kinetics sections).
Total Acidic Products Formation
During each of the reaction runs the solution pH was observed to increase by
0.2-0.4 unit (Appendix II). A similar result was noted during the peroxide
delignification of pulp (3). This observation appeared to contradict the fact
that acidic reaction products were shown to be formed during the reactions (see
MBB Oxidation Products section).
A closer examination of the data, however, revealed the explanation. Hydrogen
peroxide decomposition to oxygen represents the loss of an acid (H202 pKa = 11.3
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at 45°C) from the reaction solution; thus the pH should rise due to this effect.
However, based only on this effect, calculations showed that the pH of the reac-
tion solutions should have increased by a greater amount than observed. This




Figure 16. Effects of added metal ions on the degradation
of MBB in alkaline hydrogen peroxide (initial
pH 11.0, [H202]o = 100 mM, 45°C, added metal
ion levels are given in Table 3).
The total equivalents of base consumed during each reaction run was calcu-
lated by the procedure in Appendix III and the results are plotted in Fig. 17.
The added metals affected the rate of formation of acidic products in a manner
similar to the consumption of H202 [Fig. 15(a)]. This result is considered




Figure 17. Effects of added metal ions on the formation
of total acidic groups during peroxide oxida-
[MBB]0 = 20 mM, 450C, added metal ion levels
given in Table 3)..
The pH could have been controlled to a constant value by addition of an acid
during the reaction runs. However, separate experiments (in the absence of MBB)
showed that H202 decomposition increased if small amounts of acids were added to
the system. (Reagent grade glacial acetic acid, and ultrapure grades of H2S04
and HCl were tested.) This result implies that the system was very sensitive to
trace contaminants or anions introduced by the acids. For this reason, and the
fact that the pH rise was very small, it was decided not to control the pH
during the reaction runs.
Reaction Stoichiometry
The formation of acidic groups during the reactions is related to the con-
sumption of H202 by the stoichiometric relationship:
-34-
S1 = (moles of H202 consumed)/(mole of acid formed) (15)
Generally the reaction runs gave a value of approximately two for this ratio
(Table 5). However, in the Mn reaction the ratio was slightly lower (ca. 1.4).
This lower ratio implies that a greater percentage of the acids formed in the Mn
reaction resulted from oxidation of carbon atoms (of MBB) having higher oxida-
tion numbers. An explanation for this apparent selectivity of peroxide attack
in the Mn reaction is not readily evident.







































A second stoichiometric relationship can be calculated using the data for
the consumed H202 and reacted MBB [Eq. (16)].
S2 = (moles of H202 consumed)/(mole of MBB reacted) (16)
As each reaction progressed, this ratio increased (Table 5). Complex reac-




of reaction. Thevariation means that the reactants (H202, MBB) areinvolved in
more than one reaction (exclusive of H202 decomposition in, this analysis) in
such a way that their rate of disappearance is the sum or difference of the
rates of the separate reactions (94).
For example, hydrogen peroxide is consumed not only by MBB, but also by many
of the degradation products formed during the reactions. The observation that
the ratio (S2) increases with reaction time implies that some of these products
are oxidized at rates slower than or equal to the rate of MBB oxidation. It is
apparent that a large amount of peroxide is consumed in these secondary reac-
tions; this point will be discussed further in the MBB Oxidation Products sec-
tion.
These results indicate that the additives do not have a great effect on the
way in which hydrogen peroxide degrades MBB. This is in agreement with the
results of the product analyses presented in the MBB Oxidation Products section.
KINETICS
Further insights into the effects of the metal ion catalysts on the
peroxide oxidation of MBB can be gained through an examination of the reaction
kinetics of these systems. This section presents a kinetic analysis of the
reaction data.
After a brief review of the treatment of kinetic data, the effects of the
catalysts on hydrogen peroxide decomposition in both the absence and presence of
MBB are examined. Next, the kinetics of the MBB oxidation reaction are analyzed.
Finally, this information is brought together in a kinetic model of each system
with respect to the two reactants.
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Introduction
The two most common methods for treating kinetic data are the method of
integration and the differential method (94,95). In the integration method, a
differential rate equation is chosen which is thought to apply to the reaction
under study. Acceptance of this rate equation is based on how well the data
from a given reaction run fit the integrated form of the equation. If the fit
is good, then the assumed rate law is accepted and the rate constant can be
obtained from the slope of the line.
In the differential method, the actual rates of reaction (determined by
measuring the slopes of tangents on the concentration-time curves) are used with
the differential rate equation. The method can be applied in two ways. The
first procedure involves measuring initial rates at various initial reactant
concentrations. The slope of the line from a log-log plot of this data gives
the reactant order with respect to concentration, or true order (95). In the
second procedure, reaction rates are determined at various times in a single
reaction run. A log-log plot of this data gives a line with a slope equal to
the apparent order.
The apparent order is not always equal to the true order in complex reac-
tions (e.g., autocatalyzed and autoinhibited reactions) (95). In addition,
reactions occurring by complex mechanisms (such as those in this study) often
have complicated rate expressions in which the reactant concentrations appear in
the denominator of the expression. Such reaction orders are strictly empirical
quantities that relate reaction rate to concentrations. However, these empiri-
cal reaction orders were found useful for comparing the kinetics of the various
catalyzed systems in this study.
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Hydrogen Peroxide Decomposition
The kinetics of hydrogen peroxide decomposition in both the absence and pres-
ence of MBB and metal ions are examined here.
With No Additives
Hydrogen peroxide decomposes to oxygen according to the following overall
reaction:
2H202 -> 02 + 2H 2 0 (18)
In the absence of a reactive substrate the rate equation for this reaction
is assumed to be:
-d[H 202]/dt = kl[H202]nl . (19)
where
kl = rate constant
nl = reaction order
[H2 02] = molar concentration of H202
Note that all of the rate constants discussed in this kinetic analysis will
be for constant [OH-] and temperature. All reactions were initiated at pH 11.0
and progressed over a small pH range (pH 11.0-11.4) at 45°C.
The reaction order (nl) for peroxide decomposition in the absence of any
additives was evaluated by using data obtained by both procedures of the dif-
ferential method (Appendix IV: Table 26).. The results (Fig. 18) indicate that
the reaction order changes from 2.5 to 2.0 at peroxide concentrations below
about 60 mM.
Such a change in reaction order is an indication that the reaction may be
proceeding by two or more parallel paths (96). This is a plausible explanation
-38-
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Figure 18. Kinetic plot of hydrogen peroxide decomposition data
without additives (pH 11.0-11.4, 45°C). Data plotted
according to the differential method using initial
rates (W), and rates at various reaction times (0).
One of the most thorough studies of hydrogen peroxide decomposition kinetics
in very pure alkaline solutions has recently been published (19). Using the
initial rate method ([H202] from 100 to 1000 mM), Galbacs and Csanyi (19) found
a second order dependence on [H202] at pH 12.5 and 11.2. However, in agreement
with the above statement of the complexity of this reaction, they found the
order decreased to 1.8 at pH 10.0.
3.0
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With Metal Ions Added
The integration method was used to evaluate the effects of added Cu, Mn, and
Fe ions on the decomposition kinetics. Hydrogen peroxide decomposition over the
range of about 150 to 90 mM was studied at different levels of added catalyst.
[Decomposition over this concentration range was studied in case the alternate
reaction procedure (see Experimental) was to be employed.] The data tabulated
in Appendix I were plotted in accordance with the integrated rate equation
having an assumed reaction order of 1.0 or 2.5. These kinetic plots are con-
tained in Appendix IV (Fig. 45, 46) and the resulting rate constants are tabu-
lated in Table 6.
Table 6. Hydrogen peroxide decomposition kinetics in the absence of MBB.
Metal ions added as the salts: MnS04, CuSO 4, FeSO 4,- Conditions:
pH 11.0-11.4, Temperature 45°C ..
Metal Additive [H202] Reaction Rate
Ion Level, Range, Order, Constant,a
Additive IM mM n1 k1 ppt.b
Control - < 60 2.0 1.36 ± 0.51 0
Control -- > 60 2.5 1.69 ± 0.34 0
Mn 1.8- 90-150 205 2.10.± 0.10 0
Fe 1.8 90-150 2.5. 2.88 ± 0.07 0
Fe ' 18.2 90-150 1.0 3.50 ± 0.09 2
Fe 285 90-150 1.0 5.80 ± 0.33 3
Cu 1.8 90-150 1.0 8.45 ± 0.07 1
Cu 9o1 90-150 1.0 . 8.72 ± 0.26' .2
Cu 18.2 90-150 1.0 8.83 ± 0.49 2
Cu -:' - 285 ': 90-150 - ' '-1-0 - 26.4 + 3.1 .· :  3
Mn' 9.1- 90-150 ' * :1.0 4.85 ± 0.06 .: .1
Mn 18.2 90-150 1.0 7.33 ± 0.14 1
Mn 285'' 90-150 1.0. 202.±.58 3
units (order): min - 1 10- 3 (1.0)., mM-1 min-1 i0-5 (2.0)', mM-l'5'o min-l
10-6 (2.5). ± 95% Confidence limits based on triplicate runs for the controls
and single runs for the rest.
bQualitative measure of metal hydroxide precipitate: 0 = none, I = barely
noticeable, 2 = noticeable, 3 = very noticeable.
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The effects of ferricyanide ions (FC) on peroxide decomposition were not
examined in detail. However, preliminary experiments showed that the rate of
H202 decomposition in the presence of 300 uM FC was about the same as in the
presence of 18.2 UM Fe ions.
These results, in agreement with several other studies, show that addition
of trace amounts of metal ions have observable effects on the decomposition
reaction. Very low levels of added Mn and Fe ions (1.8 uM) did not change the
reaction order (2.5) but did increase the rate (Table 6). Higher levels of
added Mn and Fe ions, and all levels of added Cu ions studied, shifted the reac-
tion to a first order dependence on [H202]. Galbacs and Csanyi (19) also found
that the order did not change upon addition of very low levels of metal ions
(Cu, 0.05 uM and Fe, 1.0 uM), but did change to first order at higher levels
(Mn, 10 VM).
Precipitated metal hydroxides and oxyhydroxides were observed at the levels
of added metal ion in which the decomposition was first order (Table 6). Under
these conditions, the decomposition reaction probably proceeds by a heterogeneous
mechanism which other studies (20,28) have shown to be first order with respect
to [H202].
With MBB Present
Hydrogen peroxide decomposition in the reaction runs with MBB was monitored
by measuring oxygen evolution during the reaction. The rate law for the decom-
position reaction was assumed to be:
d[Ox]/dt = k2[H 2 02]n
2 (20)
where
[Ox] = 02 as [H202]
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The differential method was applied to the [Ox] - time curves (Fig. 14) from
each reaction run -(rates, .tabulated in Appendix IV: Table 27 ),. In each case, the
log-log plot (Fig. 19) shows a very good fit to the data over most of the reac-
tion. The Cu, Fe, and Mn reactions did show unpredictably high initial rates.
At the start of the reaction, these catalysts.might be in a different. physical
form or oxidation state which is more active than that which is quickly reached
after addition of the H202.
Figure 19. Kinetic plot of hydrogen peroxide decomposi-
Mn reaction runs. Data plotted according
. ..... :t'o the,.:differential method. Reaction, .
additive concentration: Control, none; Cu,
:*; .' .. .. .;:: .. 12 ..M;-FC,. .300 -M,;. Fe, 30Q M; Mn, 21 M.. ..- . .~~~~~1 .!:: ..12 PMFC,.,-30Q 'cM.;. Fe, 390Q yM; , ,21: p ........ ............ ..
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The slope of each line in Fig. 19 is equal to the reaction order (n2), with
respect to [H202]. For the Control, Cu, and Mn reactions, the reaction orders
(n2) were very close to the orders (n1) found in the absence of MBB (2, 1, and
1, respectively). This suggests that the same decomposition pathway is followed
in both the absence and presence of MBB in these systems.
The presence of MBB in the Fe reaction apparently affected the decomposition
mechanism, since the order increased from 1.0 (nl) to 1.5 (n2). Interestingly, a
1.5 order (n2 ) was also found in the reaction catalyzed by ferricyanide ions (re-
action FC). This result implies that the same decomposition mechanism is operat-
ing whether the iron ions are complexed with cyano or hydroxyl/oxyhydroxyl ligands.
The rate constant, k2, for each reaction was evaluated using the integration
method. Integration of Eq. (20) gives:
t
[Ox] = k2 f [H202]n2 dt (21)
0
The integral cannot be exactly evaluated since the [H202] is an unknown
mathematical function of reaction time. However, it can be approximated by
applying Simpson's Rule to the [H202] vs. time data. Plots of Eq. (21) for the
reaction runs (Control, FC, Fe, Cu, and Mn with reaction orders, n2, of 2.0,
1.5, 1.5, 1.0, and 1.0, respectively) show good linearity (Appendix IV: Fig.
46, 47). The slopes of these plots are equal to the rate constants, k2, and are
listed in Table 7.
Since MBB reacts with the peroxide decomposition intermediates, its presence
might be expected to inhibit peroxide decomposition. However, comparison of the
rate constants, k1 and k2 (Table 6 and 7), shows that peroxide decomposition in
the Control, Mn, and Cu reactions was accelerated with MBB present. The two
rate constants for the Fe reaction cannot be compared since the reaction orders,
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nl; and n2, are different. This acceleration effect was also observed in studies
in which methyl B-D-glycopyranoside (97,98) or glucose (99) was added to alka-
line H202o. The effect might be due to the organic substrate acting as a chain
transfer agent in the radical decomposition reaction (98). For example, the
single electron oxidation of MBB by M+ (Fig. 4) provides an additional route for
M to be formed. As shown in Fig. 2 (step 1), M is involved in the chain mecha-
nism for peroxide decomposition.
Table 7. Hydrogen peroxide decomposition kinetics in the
presence of MBB. Metal ions added as the salts:
MnS04-, CuS04, FeS04 (pH 11.0-11.4, 45°C).
Additive Reaction Ratea
Reaction Conc., UM Order, n2 Constant, k2
Control -- 2.0 5.42 + 0.20
Fe 300 1.5 11.6 ± lol
FC 300 1.5 7.28 ± 0.57
Mn 21 1.0 19.5 ± 0.6
Cu 12 1.0 10.8 ± 0.3
aUnits (order): mM- 1 * min - 1 10- 5 (2.0), mM-0o5 . min-1 °
10- 4 (1.5), min - 1- - 10-3 (1.0). ± 95% Confidence limits.
This catalytic effect might also be due to the introduction of trace contami-
nants to the reaction solutions from the MBB. The identical source of triply-
distilled water and ultrapure NaOH (see Experimental) used in this study was
also used in a previous study by Graves .(100). He obtained complete trace metal
analyses of several of his reaction solutions which contained ca. twice the con-
centration of NaOH as the reaction solutions in the present study. Results of
those analyses showed that Mn, Co, Cr, and Cu were present below detectable
limits (< 0.05 ppm) while Fe was present at 0.26 ppm [Appendix I of Ref. (100)].
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In the present study a small, but detectable level of Cu (0.08 ppm, Table 8)
was found in the Control reaction solution. This trace level of Cu might
explain the accelerated decomposition rate in the Control reaction. However,
since H202 decomposition is relatively insensitive to Cu concentration over the
range 1.8-18 PM (Table 6), it is unlikely that this Cu contaminant also caused
the decomposition rate to increase in the Cu reaction. Thus, (by the mechanism
discussed above) the presence of MBB is probably theprimary cause of the
accelerated decomposition rate.








aAnalysis conducted by Badger Laboratories using atomic
absorption.
MBB OXIDATION
The following rate expression was used to describe the peroxide oxidation of
MBB for each of the reaction systems:
-d[MBB]/dt = k3[MBB] [H202] 3 (22)
A first order dependence on [MBB] was assumed based on a similar kinetic
study by Agnemo and Gellerstedt (16). The differential method was applied to
each reaction run (rate data in Appendix IV: Table 28) to determine n3, and the
integration method was employed to evaluate the rate constant, k3.
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Effect of Ferricyanide
The rate data for the Control and FC reactions show good linearity over the
course of the reaction (Fig. 20) with an order, n3, of ca. 1.3 for both reactions.
Figure 20. Kinetic plot of MBB data for the Control and FC
reactions according to the differential method
(n3 = 1.3). .
The integration method was used to provide a cross-check for the reactant
order found above and to evaluate the rate constant, k3', for the Control and FC
reactions. Integration of Eq. (22) gives:
(23)log ([MBB]o/[MBB]) = (2.303) k3 I [H202]n3 dt
slooe = n3
0 Control 1.27 + 0.23*






[MBB]o = initial [MBB]
2.303 = log to In conversion factor
The integral was evaluated using Simpson's Rule and n3 = 1.3. The data from
the Control and FC reactions show a good fit (Fig. 21) to Eq. (23). The
measured rate constants indicate that catalytic amounts of ferricyanide ions
doubled the rate of MBB oxidation.
Rxn. k3x
10 6'
0 Control 1.45.+ 0.08
.15 - 0 FC 2.88 + 0.12
.12
INTEGRAL VALUE (f[H 20 2 ]
13 dt), mM 1 3 x min 10' 2
Figure 21. Kinetic plot of MBB data for the Control and FC
reactions according to the integral method.
Effect of Fe and Mn
Quite different results were obtained for the Fe and Mn reactions. Figure
22 shows the log-log plots for the Fe and Mn reaction rate data. In these two
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reactions, it appears that the reactant order (n3) abruptly decreases from a
higher initial value to about one-half order over the course of the reaction. A
possible explanation for this observation is that the nature of the Fe and Mn
catalysts change as reaction products form.
slope = n3
Rxn. solid dashed line
Fe 0.49 5.00
Mn 0.37 1.85
Figure 22. Kinetic plot of MBB data for the Fe and. Mn reactions
according to the differential method.
At the start of the reaction most of the added metal ions are present as
insoluble hydroxides and/or oxyhydroxides. As the reaction progresses, MBB oxi-
dation products likely form complexes or chelates with the metal ions. These
chelates apparently exert a catalytic effect on the reactionwhich lowers the
dependence of the rate on [H202].
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The integration method was applied to evaluate the rate constant, k3, for
the region in the Mn and Fe reactions where n3 = 0.5. This region was chosen
under the assumption that the catalysts had reached some equilibrium form. For
both reactions this was reached after the [H202] had decreased below ca. 60 mM.
Thus, the data from the Mn reaction after 20 minutes and the Fe reaction after
40 minutes were plotted according to Eq. (23) for n3 = 0.5. The plots (Fig. 23)
show excellent linearity, and comparison of the rate constants shows that the Mn
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INTEGRAL VALUE (f[H202]0 5 dt), mM '5 min
Kinetic plot of MBB data for the Fe and Mn reactions.
Data plotted according to the integral method over the
reaction region for which n3 = 0.5.
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Effect of Cu
A log-log plot of the rate data from the Cu reaction .showed a very poor fit
to Eq. (22). However, if the order, n3, is set to zero, then the rate data fit
the resulting equation [Eq. (24)] quite well (Fig. 24). *




1.15 1.20 1.25 1.30
3 + Log [H2 2]
Kinetic plot of MBB data for the Cu
reaction according to the-differen-
tial method.
Equation (25) results from integration of Eq. (24).
log ([MBB]o/[MBB]) = (2.303) k4 t (25)
A plot of Eq. (25) using the [MBB] vs. time data for the Cu reaction also
shows good linearity (Fig. 25). This further supports the overall first order
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Figure 25. Kinetic plot of MBB data for the
Cu reaction according to the inte-
gral method (from the slope, k4 =
6.10 ± 0.44 · 10-3 min- 1 ).
Results in the MBB Oxidation Products section show that the types and
distribution of products were not greatly influenced by the Cu catalyst. In
addition, the stoichiometric coefficients (Table 5) were not affected by the
presence of the added Cu. These observations indicate that in each system the
reaction proceeds through a common intermediate, viz. cyclohexadienone hydro-
peroxides (see Background section).
The observed independence of the rate of MBB degradation on [H202] suggests
that Cu only shifted the reaction pathway that leads to the formation of these
intermediates. The likely mechanism for H202 oxidation of phenols under alkaline
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conditions was presented in Fig. 4 (Background section). In that scheme, cyclo-
hexadienone hydroperoxide intermediates are shown to result from the. reaction of
phenoxy radicals with (1) superoxide (an intermediate in peroxide decomposition),
or (2) oxygen (a product of peroxide decomposition).
The observed kinetics can be explained by postulating that the Cu catalyst
favored a reaction of oxygen with MBB (or the phenoxy radical of MBB). Since
the decomposing hydrogen peroxide maintains a saturated solution ofoxygen
(i.e., constant concentration), the reaction rate depends only on [MBB]. Thus,
k4 would be termed a pseudo first-order rate constant at constant oxygen con-
centration.
It is postulated here that the Cu catalyst effectively competes with the
phenoxy radical for superoxide ions. Thus reaction of phenoxy radicals with
oxygen (followed by reduction of the resulting hydroperoxy radical, Fig. 26)
becomes the favored pathway to the formation of cyclohexadienone hydroperoxides.
0-0
Figure 26. Proposed. mechanism for the Cu catalyzed alkaline/H2 02
oxidation of MBB.
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The same mechanism may have operated to some degree in the Mn and Fe;cata-
lyzed reactions. These two systems exhibited a one-half order with respect to
[H202] (over most of the reaction); this is between the 1.3 order for the
Control reaction and the zero order for the Cu reaction.
A large number of metal ions and their complexes are simple one-electron
oxidants [Reaction (26)] of superoxide (37). In addition, superoxide dismuta-
tion [Reaction (26) and (27) combined] is known to be catalyzed by various
complexes of Cu, Mn, and Fe (34).
02 + M+ > 02 + M (26)
M + O0 + H20 -- > H02 + HO + M+ (27)
The nature of the metal catalysts in the Mn, Fe, and Cu reaction systems in
the present study is not known. However, studies of superoxide dismutation and
oxidation by well defined metal complexes tend to support the mechanism postu-
lated above. For example, the oxidation of superoxide by hydrated Cu(II) ions
has been shown to occur at very high rates [k = 8 x 109M- 1 s-1 (101)]. Also,
reaction of hydrated Cu(I) ions with superoxide [Reaction (27)] occurs near dif-
fusion controlled rates [k = 1010 -1 s-1 (101)].
However, superoxide dismutation in the presence of ferricyanide/ferrocyanide
ions occurs at much lower rates [k = 103Mr1 s-l (102)]. This probably explains
why the reaction order with respect to [H202] was the same in both the Control
and FC reactions.
Kinetic Models
Because the reactant order, n3, for the Control was different from that found
for the Mn and Fe reactions, a direct and exact comparison of the respective
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rate constants, k3, cannot be made. However, it was possible to make a qualita-
tive comparison of the rates of MBB oxidation in these reaction systems. This
was accomplished by applying the same general kinetic model to the experimental
data from each reaction.
The kinetic model employed [Eq. (28) and (29)] was evaluated by a computer
using a multiresponse parameter estimation program (Appendix V). For each reac-
tion the program found values for k5 and k6 which produced the best fit of the
experimental data to the calculated values. Plots of the experimental data with
the calculated [H202]-time and [MBB]-time curves are shown in Fig. 48-51 of
Appendix V.
-d[MBB]/dt = k5 [MBB] [H202] (28)
-d[H 202]/dt = k2 [H202]n2 + k6 [MBB] [H202] (29)
The above kinetic model represents a simplification of the actual reaction
systems. For instance, the observed increase in reaction stoichiometry with
time (Table 5) is not predicted by the model. Also, as shown in the previous
section, the order with respect to [H202], n3 , in Reaction (22) is only approxi-
mately equal to one. Nevertheless, Fig. 48-51 of Appendix V demonstrate that
this simplified model does predict reactant concentrations as a function of time
with reasonable accuracy. Thus this procedure provides a convenient, qualita-
tive means of comparing the MBB oxidation rates (k5's) in the Control, Mn, Fe,
and FC reactions.
Table 9 summarizes the rate constants, k5 (relative to the Control), found
by this analysis. These results are in qualitative agreement with the findings
from the preceding section. For instance, MBB oxidation rate for the FC reac-
tion is double the rate for the Control. Also, the rate for the Mn reaction is
ca. 2.5 times the rate of the Fe reaction.
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Table 9. Relative rate constants obtained through







aRatio of k5 for the given reaction to k5 for
the Control.
Since this analysis gives results comparable to those found in the preceding
section, k5 for the FC, Mn, and Fe reactions can be compared to the Control.
Such a comparison shows that Fe ions gave the least increase in the MBB oxida-
tion rate. Since the rate determining step in the oxidation of MBB is assumed
to be phenoxy radical formation, the results found here indicate that Fe ions do
not catalyze this step to a great extent. This is consistent with Landucci's
observation that Fe(III) does not catalyze 2-t-butyl-4-methylphenol dimerization
under mild oxygen/alkaline conditions (69).
These results have further implications. The rate of radical production,
from hydrogen peroxide decomposition, should be greater in the Fe reaction than
the Control based on the work of Galbacs and Csanyi (19). However, since the
MBB oxidation rate increased by a relatively small amount, it follows that the
direct attack of these intermediate radical species on MBB, to form a phenoxy
radical, is much slower than the reactions leading to oxygen formation or com-
bination with a phenoxy radical.
The increase in MBB oxidation rate for the FC reaction was ca. three times
that for the Fe reaction. In both reactions, the catalyst was added at the same
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level (300 UM). Under the alkaline reaction conditions-,most of the Fe ions were
present as a precipitate of iron hydroxides/oxyhydroxides, while.the ferri-
cyanide was totally soluble. This fact might account for some of the difference
observed in the catalytic activities of these two iron species.
However, most of the difference is probably due to the differences in their
redox potentials. Using cyclic voltammetry, Landucci (72) showed that the redox
potentials of ferricyanide and ferric ions, under alkaline conditions, are quite
different. The redox couple for ferricyanide is.much more favorable for phenoxy
radical formation. Indeed, ferricyanide ion is a well known single electron
transfer agent for the oxidative coupling of phenols (75).
Addition of Mn ion catalyzed the MBB oxidation to a greater extent than
either Fe or FC. Landucci (69,72) also found that Mn ion was a more effective
catalyst for phenoxy radical formation than either Fe(III) or ferricyanide
(Table 2).
Since the rate of MBB oxidation in the Cu reaction was independent of
[H202], the kinetic model defined by Eq. (28) and (29) gave a very poor fit to
the data. However, the use of Eq. (24) and (30) as the kinetic model produced a
very good fit of the experimental data to the calculated [H202]-time and
[MBB]-time curves (Appendix V: Fig. 52). This finding further supports Eq.
(24) as the rate law for the Cu reaction.
-d[H 202]/dt = k2 [H202] + k7 [MBB] (30)
Catalytic Effectiveness
Results of the analysis in this section demonstrate that addition of trace
amounts of transition metal ions strongly influenced the reaction kinetics of
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both MBB oxidation and H202 decomposition. The additives increased the rates of
both reactions. It is of practical significance to compare the relative
increase in the rates of these two reactions for each catalyzed system. An
increase in the ratio of the rates of MBB oxidation to H202 decomposition would
be desirable in the context of peroxide delignification.
Unfortunately, the rate constants obtained for the five systems (k2, k3 , k4)
cannot be directly compared since the added catalysts also caused changes in the
reaction orders (n2 , n3). However, an interesting comparison can be made under
the assumption that the rate of H202 decomposition is proportional to the rate
of MBB oxidation, i.e.:
d[Qx]/dt = E ° (-d[MBB]/dt) (31)
where
[Ox] = 02 as [H202]
E = proportionality constant
Integration of Eq. (31) gives:
[Ox] = E ° ([MBB]o - [MBB]) (32)
The constant, E, is a measure of the "effectiveness" of the additive in
catalyzing oxidation over decomposition (the higher the value of E, the less
effective it is). Data from the five reaction systems were plotted (Fig. 27)
according to Eq. (32).
The results show that the Fe and Mn additives were equally "ineffective"
catalysts. In these two reactions ca. 15 moles of H202 were decomposed to oxy-
gen per mole of MBB consumed (Fig. 27). While the rates of MBB oxidation in the
Fe and Mn reactions were greater than in the Control (Table 9), considerably
more H202 was lost through decomposition to oxygen.
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CONCENTRATION OF REACTED MBB, mM
Figure 27. Influence of metal ions on the relationship be-
tween peroxide decomposition and MBB :oxidation.
In contrast to Mn and Fe, ferricyanide (FC) was found to be an "effective"
catalyst (6.7 moles H202 decomposed per mole MBB consumed) (Fig. 27). As an
added benefit, the added ferricyanide ions doubled the rate of MBB oxidation
(Table 9).
Cu reaction gave a nonlinear response (Fig. 27) to Eq. '(32)-. This -is
due to the independence of the MBB oxidation rate on [H202] as shown earlier.
As a result, the added Cu changed from an "ineffective" to an "effective" cata-
lyst as the reaction progressed. The Cu reaction also exhibited the highest
rates of MBB oxidation of the five systems (Appendix IV: Table 28).
These observations graphically demonstrate that the added transition-metal.
ions catalyzed MBB oxidation and H202 decomposition to varying extents. In the
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context of peroxide delignification of pulp, these results suggest that the pres-
ence of some metals (e.g., Fe and Mn) waste H202 through increased decomposition
to oxygen. However, results of the Cu and FC reactions indicate that not all
metal species may be considered detrimental.
MBB OXIDATION PRODUCTS
Some of the products formed during the MBB oxidations were examined to
determine whether the added metal ions caused a shift in the types of products
formed or a change in the distribution of products. The major products were
identified, and likely reaction pathways for their formation are proposed.
Methanol
During the reactions methanol is liberated through: (1) the direct demethyl-
ation of MBB, and (2) oxidation and/or hydrolysis of secondary MBB reaction prod-
ucts (Fig. 6). Methanol liberation was measured by quantitative GLC using
ethanol as an internal standard (see Experimental). The results are tabulated
in Appendix II. In separate experiments (without MBB present), methanol was
shown to be stable under the reaction conditions (100 mM H202, 45°C, pH 11.0, 6
h) in the absence or presence of added catalyst (12 UM CuSO4).
The added metal ions increased the rate of methanol formation (Fig. 28) in a
manner comparable to the increase in the rates of total acid group formation
(Fig. 17) and hydrogen peroxide consumption [Fig. 15(a)]. Over the course of
the reactions, 50 to 80 percent of the theoretical yield of methanol (based on
two moles of methanol formed per mole of MBB consumed) was formed (Fig. 29).
Generally the methanol production increased as the reaction progressed
(dashed line in Fig. 29). In accordance with the stoichiometry results (Table
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5) some portion of the liberated methanol likely results from slower, secondary
reactions of MBB oxidation products. In contrast to the other reaction runs,
the theoretical yield of methanol found during the Cu reaction remained fairly
constant (Fig. 29) and at a higher value, ca. 80% of theoretical.
E
40 80 120 160 200
REACTION TIME, min.
Effects of added metal ions on the rate
of methanol formation from the peroxide
oxidation of MBB (initial pH 11.0,
[H202] o = 100 mM, [MBB]o = 20 mM, added
metal ion levels given in Table 3).
The yields of methanol obtained in each reaction were less than 100% of the
theoretical because a portion of the total methoxyls were retained in some of
the acidic products. These and other MBB degradation products are discussed in
the following section.
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Figure 29. Effects of added metal ions on the theoretical
yield of methanol from MBB oxidation in alkaline
H202 (conditions listed in Fig. 28). The straight
lines mark the 50 and 80% theoretical yield values
Acidic Products
General Comments
The distributions of acidic products formed during the Control, Fe, FC, Mn,
and Cu reactions were examined. These products were analyzed as their per-0-tri-
methylsilyl (TMS) derivatives by GLC and GLC/MS. Semiquantitative estimates of
acidic product concentrations were made by using estimated and experimentally
determined response factors relative to an internal standard (vanillic acid).
The sample workup procedure is detailed in the Experimental section. Appendixes
II and VII present, respectively, the tabulated acidic product results, and the
GLC conditions and response factors.
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The acidic products were mainly identified by interpretation of their mass
spectra and/or comparison of their relative GLC retention times and mass spectra
with authentic compounds (see Appendix VIII: Product Identifications).
A representative GLC chromatogram of the acidic products from MBB degrada-
tion is shown in Fig. 30 with the identities of the numbered peaks listed in
Table 10 and Fig. 31. Due to the sample workup procedure, the peak labeled MBB
in Fig. 30 does not represent all of the unreacted MBB in the sample. During
sample workup, most of the unreacted MBB precipitated from solution when the pH
was lowered. This white precipitate was removed by filtration before completing
the sample workup, and was shown to contain only MBB by GLC and TLC analyses.
Influence of Metal Ions
A comparison of the GLC chromatograms and GLC/MS analyses of reaction
samples from each run showed that the added metal ions did not induce major
changes in the types of acidic products produced during MBB degradation. In
other words, the same products were common to all reaction systems. The results
of the semiquantitative GLC analyses of the acidic products did point out some
differences though in the product distributions with respect to reacted MBB.
Table 11 compares the yields of some major acidic products (on a mole percent of
reacted MBB basis) produced during each reaction.
With a few exceptions, the results show that the distributions of acidic
products are fairly similar for all five reactions. The main differences are
found in the lower molecular weight degradation products. For example, the Fe
and Mn reactions produced much lower yields of product III, IV, and V, whereas
product I was formed in higher yields in the Fe and FC reactions. An explana-
tion for these differences is not readily apparent.
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Table 10. Acidic MBB degradation products.
Productb IdentificationC
Peaka Structure Identification Method Yieldd
1 I Glycolic acid 1,2 4.4
2 II 3-Hydroxypropanoic acid 2 1.2
3 III Oxalic acid 1,2 7.1
4 IV Levulinic acid 1,2 19.8
5 V Succinic acid 1,2 16.0
6 VI 3-Carboxy-hexanedioic acid 3,6 8.1
7 VII Cis-3-carboxy-2-hexenedioic acid 3,6 13.1
8 VIII 4-(2-Carboxyethyl)-2-furoic acid 3,4,5,6 9.6
9 IX -- - 2.9
10 X -- - 6.3
11 XI 5-Hydroxymethyl-hydroferulic acid 1,2,5 13.3
12 XII -- - 3.1
13 XIII -- - 4.0
14 XIV 5-Carboxymethyl-hydroferulic acid 3 4.6
15 XV --
16 XVI (Impurity from workup) --
17 XVII (Column artifact)
18 XVIII 5-(2,6-Dicarboxy-4-oxo-hexane)-
hydroferulic acid 3 2.1
19 XIX A lactonic acid 3,4 12.5
20 XX A lactonic acid 3,4 0.4
21 XXI An epoxy quinol 3 0.4
apeak number in the chromatogram shown in Fig. 30.
bStructures of minor products IX, X, XII, XIII, and XV were not determined;
others are depicted in Fig. 31.
CMethod of identification (discussed in Appendix VII):
1. Comparison of GLC retention times with known sample
2. Comparison of mass spectrum with known sample
3. Interpretation of mass spectrum of the compound
4. Examination of infrared spectrum of the compound
5. Examination of H-NMR of the compound
6. Chemical evidence
dMole % yield ([product]/([MBB] o - [MBB]) x 100%) for Control (270 min). Yields
determined by GLC (see Experimental).
Examination of Table 23 (Appendix II) shows that low molecular weight acidic
products are formed early in the reactions. This is consistent with the mecha-
nism for peroxide oxidation of phenols discussed in the Background section. The
initially formed cyclohexadienone hydroperoxide rapidly undergoes alkaline and
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Figure 31. Structures of identified products from the alkaline





Acidic products distribution from MBB degradations in the
absence and presence of added metal ions. Yields are given

















































bStructures given in Fig. 31o




































GLC analysis of silylated product mixtures
using response factors listed in Appendix VI. For a given acidic product, the
standard deviation for duplicate silylations was generally in the range of ±
10-20% of the stated concentration. Mole % yield = [product]/([MBB]o - [MBB])
x 100%.
Reacted MBB Balance
The acidic products and methanol produced during each of the reaction runs
account for ca. 40-70% (Table 12) of the reacted MBB (based on carbon). In addi-
tion, there are three types of products which if included in the total balance
would increase the accountable yield by several percent. First, there are numer-
ous minor acidic fragmentation products present in the reaction mixtures at very
low concentrations. These products were detectable by GLC (especially at higher
detector attenuations), but were not quantitated due to their low concentrations.
Collectively, such products might account for several percent of the reacted MBB.
Table 11.
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Carbon balance on reacted MBB based on acidic products and
methanol produced during the reaction runs. Yields are given
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bNumber of carbon atoms in individual product = carbons/product, numbers in
parentheses are estimated.
CYield = ([product] x carbons/product)/([reacted MBB] x carbons/MBB).
Table 12.
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Volatile, low molecular weight degradation products (other than methanol)
lost during the sample workup represent a second source of unaccounted for MBB.
In a separate experiment, MBB was reacted under base line conditions and the
terminal reaction solution was analyzed by ion chromatography. Carbon dioxide
(as carbonate) and formic acid (as formate) were found to be present at levels
representing, respectively, 7.8 and 5.6 percent of the reacted MBB (based on
carbon).
Finally, some of the MBB degradation products might not be volatile enough
for detection by GLC under the conditions used to examine the acidic products.
Low yields of products in comparable studies (62) have been attributed to for-
mation of high molecular weight condensation products. However, such reactions
are probably minimal in the present study.
It is likely that all major degradation products in the MBB/H 202 reaction
were detected by the techniques employed in this study. Possible reaction path-
ways and mechanisms which can account for the formation of the identified prod-
ucts are explored in the following section.
Possible Reaction Pathways
General Comments
Numerous studies have established that the formation of a cyclohexadienone
hydroperoxide intermediate is the initial step in the degradation of simple
phenolic structures in alkali by hydrogen peroxide or oxygen (see Background).
The hydroperoxide group may be oriented para or ortho to the original phenolic
hydroxyl as shown for MBB (Fig. 32). These structures are susceptible to
nucleophilic additions of hydroperoxy and hydroxyl anions followed by alkaline
and oxidative conversions and degradations to acidic reaction products (59,67).
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Based upon the understanding of the mechanisms involved, some of the possible
reaction pathways which might account for the products of MBB degradation are
examined in this section.
HOO R R R
i I" R' O OH HOOJ
YR (OCH 3 CH3 R OCH 3
00 o
(a) (b) (c)
Figure 32. Structures of cyclohexadienone hydroperoxide
intermediates of MBB (R,R' as in Fig. 31).
Primary Reaction Products
Hydroperoxides formed during the peroxide oxidation of MBB (Fig. 32) may
undergo intramolecular rearrangement via dioxetanes to form epoxy quinol struc-
tures (68). This reaction, depicted in Fig. 33, accounts for the formation of
product XXI. Formation of other epoxy quinol structures can be visualized, but
no others were detected. This finding is analogous to results of other studies
(67,68,103). The selectivity is probably due to the electron donating charac-
ter of the methoxyl group which resonantly deactivates position 4 toward
nucleophilic addition (68).
HOO Ry- R0 HO R
0Of^ < R0\.J oCH
W-SMOCH3 R OCH, OCH 3 ROCH 3
()Figure 33. Formation of XXI from rearrangement of cyclone
Figure 33. Formation of XXI from rearrangement of cyclohexadienone
hydroperoxide-a.
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Demethylation of hydroperoxide-b (Fig. 32) and subsequent nucleophilic reac-
tions with hydroperoxy anions result in the formation of XIX and XX (Fig. 34).
The mechanism of demethylation shown in Fig. 34 was postulated by Mih (104).
Orthoquinones are reactive intermediates which have been detected during the
treatment of lignin models under milder alkaline H202 conditions (59,60).
Product XX likely arises from the cleavage of the orthoquinone via a
dioxethane intermediate (58,62), followed by lactonization of the muconic acid
(pathway b in Fig. 34). This route is commonly referred to as the muconic acid
pathway.
Alternatively, one of the double bonds of the orthoquinone may be epoxidated
(by H02) followed by cleavage between the carbonyl groups (pathway a in Fig.
34). The resulting monoepoxidated dicarboxylic acid is then converted to the
corresponding lactonic acid (XIX) by intramolecular nucleophilic attack (82,105).
Both compounds (XIX, XX) are structurally very similar and should exhibit
similar reactivities under the oxidative conditions. Since XIX was found in
much higher yields than XX (Appendix II: Table 24) it can be concluded that
pathway a must dominate. Furthermore, based on the semiquantitative results
(Table II), a minimum of 10-20% of the overall reaction proceeds by this
pathway.
In a separate experiment oxygen was bubbled through an alkaline solution of
MBB without added H202 (see Experimental). Under these conditions an acidic
products mixture containing mainly XI, XIX, XX, and XXI was produced. This
result supports the contention that oxygen and hydrogen peroxide attack phenolic
lignin units by similar reaction mechanisms (see Background).
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The alkaline stability of these autoxidation products was examined by
purging the above reaction solution with nitrogen and sampling after 90 minutes.
The results of the experiment, listed in Table 13, show that the decrease in
[XIX], and the increase in [XVIII] (after the alkaline treatment), were about
the same. This observation indicates the XVIII is formed from XIX via alkali-
induced reactions.
Table 13. Alkaline stability of selected products under








aStructures listed in Fig. 4.
bAfter purging 30 mM MBB solution with oxygen for 315
minutes.







An analogous reaction was observed in the autoxidation of 3,5-di-t-butyl
pyrocatechol (105), but no mechanism was postulated. Figure 35 depicts a
possible mechanism for the formation of XVIII. Under the alkaline conditions,
the opened form of lactone XIX can lose glyoxylic acid via a reverse aldol con-
densation reaction (67). The driving force for this step is the formation of
the allylic carbanion, which, after protonation and tautomerization, gives
XVIII.
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Figure 35, Proposed mechanism for the formation of XVIII from XIX via
alkali induced reactions: (1) lactone ring opening, (2)
reverse aldol condensation, (3) protonation, and (4)
tautomerization.
5-Hydroxymethyl-hydroferulic Acid (XI)
The formation of 5-hydroxymethyl-hydroferulic acid (XI) during MBB degrada-
tion is of interest, since it represents the direct cleavage of the diphenyl-
methane bond - a productive reaction in the context of delignification. Based
upon several observations, a plausible mechanism for the formation of XI is
outlined in Fig. 36. An intramolecular rearrangement of the phenolate anion of
hydroperoxide-c results in the cleavage of the diphenylmethane bond into two
reactive intermediates. The arylhydroperoxide intermediate likely rearranges to
the orthoquinone which would rapidly undergo further degradation under the reac-
tion conditions (see next section). Addition of hydroxyl anion to the quinone
methide intermediate results in the formation of XI.
A similar rearrangement of XXI to yield XI [Fig. 37(a)] can be ruled out
based upon the observed stability of XXI in alkali (Table 13). Such a rearrange-
ment would result in the loss of aromaticity of both rings. Note that in the
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rearrangement shown in Fig. 36 there is no net loss of aromaticity. Neither
hydroperoxide-a nor -b (Fig. 32) can undergo this type of rearrangement due to
their structural arrangement of double bonds. Thus, only hydroperoxide-c is the












Proposed mechanism for the formation of XI from
MBB under alkaline H202 conditions.
Additional experimental observations supporting the above mechanism were
made. The monomethyl ether of MBB was reacted with H202 under base-line con-
ditions (pH 11, 45°C, 225 minutes). Approximately 25% of this MBB derivative
reacted, but neither XI nor the methyl ether of XI was detected among the reac-
tion products. This result indicates that a free phenolic group on both rings
is necessary for direct cleavage of the diphenylmethane bond to occur. Further-
more, this observation precludes the possibility of XI formation via nucleophilic
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Figure 37. Examples of possible routes to XI formation which were shown
not to occur.
Generally 12-20% of the theoretical yield of XI (based on reacted MBB) was
detected in the product mixtures from the reactions (Table II). This yield
represents a minimum since XI is susceptible to further degradation under the
reaction conditions. In order to determine the true yield of XI (i.e., the
yield in the absence of XI degradation) a kinetic model was utilized.
The kinetic model, derived for the Control reaction conditions, is detailed
in Appendix VI, and the results are presented in Fig. 38. This analysis shows
that toward the end of the Control reaction (270 min) the true yield of XI was
24% of the theoretical (1.24 mM) compared to the 13% (0.69 mM) found. Thus, a
significant fraction of the overall reaction proceeds through this pathway.
Fragmentation Products
Alkaline hydrogen peroxide degradation of MBB (and its primary products) to
lower molecular weight acids is obviously complex. Numerous reaction pathways




were not pursued. However, a few plausible reaction
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Figure 38. Kinetic plot of XI formation from MBB according
to the model (Appendix VI) and the experimental
data for the Control reaction.
It was shown in the previous section that ca. one-fourth of the reacted MBB
results in the formation of XI. Based on the mechanism depicted in Fig. 36,
formation of an equal amount of the orthoquinone is predicted. Also, an addi-
tional amount of this orthoquinone can form from the oxidation of XI via a
Dakin-like displacement of the a-carbinol side chain (59). Since methoxy-
substituted orthoquinones are quite reactive in alkaline hydrogen peroxide
(67,82), a significant quantity of the fragmentation products probably arise
form this intermediate.
A reaction scheme for the oxidative fragmentation of the orthoquinone is
outlined in Fig. 39. This reaction scheme shows possible pathways that lead to
Experimental points
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Figure 39. Possible reaction pathways for ring fragmentation reactions: (1) a-
carbinol side chain displacement via Dakin-like mechanism (59), (2)
diphenylmethane cleavage (Fig. 36), (3) alkaline demethylation (106),
(4) epoxidation by hydrogen peroxide (82), (5) ring cleavage (Fig.
34), (6) tautomerization, (7) oxidative decarboxylation of a-keto
acid (59,107), (8) oxidative cleavage of epoxide (82), (9) decarboxyl-







the formation of the identified products: III, IV, VII, methanol, and carbon
dioxide. Products I and XIV also arise from simple ring fragmentation reactions
(Fig. 40).
R R R
MBB (4) (5) for -u -[ '
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R1 = -CH 2OH, -HO
CH OCH3
OH
Figure 40. Possible reaction pathway for the formation of I
and XIV (reactions numbered as in Fig. 39).
The reaction pathways shown in Fig. 39 and 40 are largely based on the work
of Gellerstedt, et al. (82). These researchers isolated several epoxidated
acidic products resulting from the alkaline H202 oxidation of quinone model com-
pounds. Their work was done under mild conditions which facilitated the isola-
tion of these reactive intermediates.
Epoxidation of the quinoid ring appears to be a prerequisite for extensive
ring fragmentation to occur. Simple unsaturated carboxylic acids (e.g.,
3-phenylpropenoic acid and fumaric acid) are known to be relatively insensitive
to alkaline H202 (108). Therefore ring fragmentation via a muconic acid inter-
mediate (cf. Fig. 3, Background section) is unimportant in this system.
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Products VI and VIII obviously occur by more complicated routes (not shown
here). Several researchers have reported the isolation of substituted succinic
and furoic acids (analogous to VI and VIII) from the peroxide or oxygen reac-
tions of various phenolic lignin models (59,60,66,67,76). A reaction pathway
which might account for the formation of VI has been reported by Kratzl and co-
workers (62,66).
Gierer and Imsgard (67) found good yields of 4-t-butyl-2-furoic acid from the
oxygen-alkali treatment of 5-t-butyl-3-methoxy-o-quinone. These two compounds
are structurally related to VIII and the orthoquinone (in Fig. 36), respectively.
In the present study, VIII was formed during reaction of either MBB or XI, but
not from the oxidation of the monomethyl ether of MBB. These observations
suggest that the orthoquinone (in Fig. 36) is the likely precursor to VIII.
To a certain extent ring fragmentation reactions are probably beneficial in
peroxide delignification of pulp. These reactions not only contribute to the
breakup of the condensed lignin structure (Fig. 41), but also make the lignin
fragments more hydrophilic. However, as evident by the reaction schemes (Fig.
39 and 40) and the stoichiometry results (Table 5), extensive fragmentation
leads to a large consumption of hydrogen peroxide. In the context of pulp

























Transition metal ions perform two central roles in the alkaline hydrogen per-
oxide oxidation of MBB (1,l'-methylenebis(2-hydroxy-3-methoxy-5(2-carboxy-ethyl)
benzene)). First, they catalyze the decomposition of H202 into reactive species
(viz. HO-, 02, 02). This step is necessary for MBB oxidation to occur since MBB
was shown not to react with hydroperoxy anions. Second, these metals have the
capability to oxidize phenolate anions to phenoxy radicals, which is believed to
represent the rate limiting step of phenol degradation under these conditions
(68-70).
The presence of catalytic amounts of ferricyanide, Mn, Fe, and Cu ions strongly
influence the reaction kinetics of both peroxide decomposition, and MBB oxidation.
These additives not only catalyze the rates of the two reactions, but also change
the reaction orders (with respect to H202 concentration) to different extents.
The presence of Cu ions gives the strongest effect. The addition of Cu (12
UM CuSO4) causes the rate of MBB oxidation to become independent of H202 concen-
tration (in the absence of additives the order is 1.3). It is postulated that
the Cu catalyst (and Mn, and Fe to a lesser extent) effectively competes with
phenoxy radicals for superoxide anions (02). Thus combination of phenoxy
radicals with dissolved oxygen becomes the favored reaction pathway.
Hydrogen peroxide decomposition is catalyzed to a greater extent than MBB oxi-
dation (by a factor of two) by both Fe and Mn ions (both show an equal effect).
In contrast, the addition of ferricyanide causes the MBB oxidation rate to in-
crease to a greater extent than the increase in the H202 decomposition rate.
Therefore some metal ion species can favor phenol oxidation over H202 decom-
position.
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The presence of added ferricyanide, Mn., Fe, and Cu ions do not induce major
changes in the reaction stoichiometries or the types of reaction products formed
during MBB degradation. The reaction products identified are consistent with
the view that the key reactive intermediate is a cyclohexadienone hydroperoxide.
This intermediate, resulting from reaction of superoxide or oxygen with the
phenoxy radical of MBB, undergoes alkaline and oxidative conversions and degra-
dations by HO-/HO2 to lower molecular weight products.
Direct cleavage of the diphenylmethane bond of MBB accounts for ca. 24% of
the reacted MBB. Based on the experimental evidence accumulated, a mechanism
for this reaction is proposed. It involves the initial formation of a cyclo-
hexadienone hydroperoxide (hydroperoxy group at the 1 position). Subsequent
electron rearrangement of the ionized phenolic hydroxyl (of the other ring),
results in the cleavage of the diphenylmethane bond into an orthoquinone methide
and an aryl-hydroperoxide. Addition of hydroxide to the former product results
in the formation of 5-hydroxymethyl-hydroferulic acid.
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SUGGESTIONS FOR FUTURE WORK
Results of this study show that catalytic amounts of transition metal ions
can strongly influence the reaction kinetics of hydrogen peroxide decomposition
and MBB oxidation to different degrees. Additional studies are necessary to
obtain a more thorough understanding of this phenomenon. The nature of the
metal ion species (except ferricyanide) present in the reactions of this study
were largely unknown and probably changed during the course of the reaction.
Future kinetic studies would benefit by the use of well-defined catalysts such
as complexed metal ions (homogeneous catalysis), and/or supported metal oxides
(heterogeneous catalysis).
Improvements in the economics of peroxide delignification and resulting pulp
quality should be gained from a better understanding of the chemistry involved.
For instance, it might be possible to increase the extent (and rate) of deligni-
fication (for a given 1202 charge) by controlling the levels and types (and
location ?) of metal ion species in the pulp. Since H202 is a relatively expen-
sive bleaching chemical, it must be used to its maximum benefit. In a similar
manner, an increase in selectivity might be achieved. Certain catalysts might
be found which preferentially direct peroxide attack to the lignin fraction,




Melting points were determined on a Thomas Hoover capillary melting point
apparatus which had been calibrated with known compounds.
The pH measurements were made with a Fisher Electrometer (Model 380)
equipped with a polymer body, sealed reference combination pH electrode
(Sensorex, Westminster, California, Part No. S300C). The setup was calibrated
prior to each reaction with two pH standards which bracket pH 11: (1) a pH 10
standard buffer solution (Sargent-Welch), and (2) a saturated calcium hydroxide
solution prepared according to Bates (109). The two solutions at 45°C had pH
values of 9.85 and 11.84, respectively.
Ultraviolet (UV) spectra were recorded with a Perkin-Elmer Model 320
UV-visible spectrometer.
Nuclear magnetic resonance (1H-NMR and 13C-NMR) spectra were taken with a
Jeol FX-100 pulse Fourier transform nuclear magnetic resonance (FT-NMR) spectro-
meter equipped with a Texas Instruments 980B computer.
Infrared and ion chromatographic analyses were conducted by the Institute's
Analytical Group using a Nicolet FT-IR spectrometer and Dionex Ion Chromatograph.
Thin-layer chromatography (TLC) was conducted on microscope slides coated
with Silica gel 60 GF (E. Merck). The slides were generally developed with
dichloromethane:p-dioxane:acetic acid (90:10:1, v/v/v), and the spots visualized
by placing the slide in a closed jar containing iodine crystals.
Quantitative gas-liquid chromatography (GLC) was performed on a Perkin-Elmer
(PE) Model 3920 or Hewlett-Packard (HP) Model 5840A gas chromatograph equipped
-84-
with a hydrogen flame ionization detector. The chromatographs were interfaced
with a PE Sigma-10 and HP 5840A-GC digital integrators, respectively.
Preparative GLC was done on a Varian-Aerograph 202 gas chromatograph
equipped with a thermal conductivity detector. The fractions were collected in
V-shaped glass tubes loosely packed with glass wool.
Mass spectral analyses were conducted on a Hewlett-Packard 5985 GC/MS System
interfaced with a jet separator to a HP 5840A gas chromatograph.
Column descriptions and GLC operating conditions, and mass spectrometer
control settings, respectively, are listed in Appendixes VII and IX.
SOLUTIONS AND REAGENTS
Water
Triply-distilled (3-D) water was used in preparing reaction solutions and
cleaning the reaction apparatus. The second distillation was from alkaline per-
manganate to remove any organic contaminants. The distillation system was all-
glass.
Sodium Hydroxide
An ultrapure grade of sodium hydroxide was used to prepare the reaction
solutions. It was purchased as a 30% solution in a polyethylene bottle from
Alfa Division, Ventron Corp. (Danvers, Massachusetts). In order to minimize car-
bonate formation, the bottle was stored in a sealed jar containing Ascarite.
Hydrogen Peroxide
Ultrapure hydrogen peroxide (30%) was purchased in a 450 mL polyethylene
bottle from J. T. Baker Chemical Co. (Phillipsburg, New Jersey). The bottle was
stored in the dark at 4°C.
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Additives.
The following analytical reagent grade chemicals were used as additives to
catalyze or inhibit hydrogen peroxide decomposition: CuSO4.5H 20, MnSO4 .H20,
FeSO4 -7H20, K3Fe(CN)6, MgSO 4 7H20, Na2SiO3°9H20.
Internal Standard Solutions
n-Octacosane
An analytical standard grade of n-octacosane was purchased from Alltech
Associates (Deerfield, Illinois). Chloroform (14 g) and n-octacosane (112 mg)
were directly weighed into a 15 mL Hypo-vial. The vial was fitted with a
Teflon-lined silicone septum and sealed with an aluminum crimp top.
Vanillic Acid
Vanillic acid (Pfaltz & Bauer, Inc.) was purified by three recrystalliza-
tions from benzene/ethanol. An aqueous solution (5.95 mM) was prepared by first
dissolving 250 mg of vanillic acid in 15 mL of 0.1N NaOH and 3 mL of ethanol
(with warming). This solution was quantitatively transferred to a 250 mL volu-
metric flask and diluted with distilled water.
Ethanol
A weighed amount of reagent grade ethanol (95%) was diluted with distilled
water to give a 3-10 mM solution.
PREPARATION OF COMPOUNDS
The mass spectra of the TMS derivatives of the following synthesized com-
pounds (except hydroferulic acid) are contained in Appendix IX.
Hydroferulic Acid
Hydroferulic acid (3-(4-hydroxy-3-methoxybenzene)propanoic acid) was pre-
pared by the catalytic hydrogenation of 4-hydroxy-3-methoxy-cinnamic acid
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(ferulic acid). Ferulic acid (Aldrich Chemical Co.) was dissolved in absolute
ethanol containing a small quantity of-catalyst (10% Pd on powdered charcoal,
Sargent-Welch). The mixture was hydrogenated at ambient temperature and
pressure for several hours. The-product was recovered from the mixture and
purified via column chromatography using silica gel 60 (70-230 mesh ASTM, E.
Merck) adsorbent and dichloromethane:acetic acid (100:1 -> 10, v/v) solvent
system. White crystals were obtained after recrystallization from dichloro-
methane/hexane mixture (60% yield): m.p. 89-90.5°C, max(methanol) 280, 227 nm.
Literature: m.p. 89-90°C (110), Xmax(methanol) 281, 225 nm (111).
5-Hydroxymethyl-Hydroferulic Acid (XI)
This compound was prepared by the alkaline phenol-formaldehyde condensation
(112,113) of hydroferulic acid. Hydroferulic acid (10 mmol) and 1.6 mL of 37%
aqueous formaldehyde (20 mmol) were added to 9 mL of 2N NaOH. The solution was
purged with nitrogen and the vessel sealed. After 2 days at room temperature,
the solution was carefully acidified to pH 2 with 4N HC1 and extracted with
chloroform. The chloroform extract was dried over CaS04, filtered, and evap-
orated to dryness in vacuo. Two recrystallizations from chloroform/petroleum
ether afforded 1.2 g of fluffy, white crystalline product shown to be pure by
GLC analysis. 1H-NMR (100 MHz, CDC1 3): 6 2.67(m, 2H, B-CH2), 2.84(m, 2H,
a-CH2), 3.85(s, 3H, OCH3 ), 4.69(s, 2H, Ar-CH2-OH), 6.67(s, 2H, Ar.).
MBB
MBB was synthesized by a general phenol-formaldehyde condensation procedure
(112,113). Hydroferulic acid (130 mmol) and 22 mL of 37% aqueous formaldehyde
solution (260 mmol) was added to 120 mL of cold 2.2N NaOH. The solution was
continuously purged with helium and heated at reflux for 3 hours. At the end of
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this time, the solution was carefully acidified to pH 2 with 50% HC1., The prod-
uct, present as a light tan, creamy precipitate, was taken up in ethyl acetate.
After drying over Na2S04, the ethyl acetate extract was evaporated to dryness in
vacuo. The light yellow product obtained was purified via column chromatography
(using the same conditions as described above for hydroferulic acid). The recov-
ered product was then recrystallized from distilled water to give finely divided
white crystals: mop. 168-169°C. Analyses by GLC and TLC showed the product to
be pure. 1H-NMR (100 MHz, CDC13): 6 2.57(m, 4H, &-CH2), 2.87(m, 4H, c-CH2),
3.84(s, 8H, OCH 3 and Ar-CH 2-Ar), 6.58(d, 6H, Ar and Ar-OH).
Monomethyl Ether of MBB
This compound was prepared by selective methylation of MBB. A solution of
MBB (2.1 mmol) dissolved in 9.3 mL of a 10% tetraethylammonium hydroxide (TEAH)
solution (6.5 mmol) was evaporated to dryness in vacuo to give the tri-(tetra-
ethylammonium) salt of MBB. Due to the fairly wide spread in the pKa's of the
two phenolic hydroxyls (Appendix X), the salt of only one of the phenolic groups
(and both carboxylic acid groups) was formed. The light yellow, crystalline
residue was dissolved in 20 mL of chloroform and 5 mL of methanol, and the solu-
tion was refluxed with excess methyl iodide (1.6 mL) for two hours. This treat-
ment produced.the dimethyl ester/monomethyl ether of MBB. After cooling, the
solvents were removed in vacuo, and the residue was dissolved in 5% TEAH and
heated at 90°C for one hour under a nitrogen atmosphere. This step hydrolyzed
the methyl esters to carboxylic acids and gave the desired product, The solu-
tion was acidified to pH 3 with 4N HC1 and the precipitated product was taken up
in ether. A suitable solvent system for crystallization of the product could
not be found, so the material was only purified by column chromatography. The
recovered product was an off-white, glassy material which was found to contain
ca. 5% impurities by GLC analysis. 1H-NMR (100 MHz, CDCL 3 ): 62.57(m, 4H,
8-CH2), 2.83(m,' 4H, a-CH 2), 3.82,3.86(two s, 11H, OCH 3 and Ar-CH2 -Ar), 6.54'(m,
4H, Ar).
REACTION PROCEDURES AND SOLUTION ANALYSIS
Reactor System
The reactor system used in this study provided means for adding reactants
to, or removing samples from, the reaction vessel, and monitoring pH and oxygen
evolution over the course of the reaction. The Teflon-lined reaction vessel was







Figure 42. Teflon-lined reaction vessel.
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The reaction vessel was raised and lowered into a well-stirred temperature
controlled water bath via a rack and pinion mechanism. The temperature was
maintained (45 ± 0.2°C) by a knife heater controlled through a Precision
Scientific Relay activated by a CRC thermoregulator. The water bath was posi-
tioned over a mechanically driven magnetic stirrer which enabled the reaction
solution to be continuously stirred.
A schematic of the system used to measure the volume of evolved oxygen is
shown in Fig. 43. The entire reactor system was gas tight. In order to assure
water vapor saturation of the collected gas, ca. 2 mL of water was placed atop
the mercury in the water-jacketed gas buret. As oxygen evolved from the reac-
tion solution, ambient pressure (indicated by the manometer) in the gas buret
and reaction vessel was maintained by adjusting the height of the mercury reser-
voir attached to the pulley system.
To gas-
exit port
Figure 43. System for measuring evolved gas: (a) counterweights,
(b) pulleys, (c) nylon cord, (d) rotatable shaft, (e)
Hg reservoir made of PVC, (f) thick-walled rubber
tubing, (g) water-jacketed 100 mL gas buret, (h)
thermometer, (i) tee connector, (j) Teflon tubing, (k)
water manometer, (1) 3-way slide valve.
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Figure 44 depicts the remaining parts of the reactor' system. The valves
were turned to the 1-2 configuration when reactants were added to, or samples
removed from, the reaction vessel. During the reaction both valves were placed








Preparation of Reaction Solutions
The Teflon reactor surfaces, pH electrode body, and all labware used to pre-
pare the reaction solutions were cleaned by successive washings with Alconox
solution, distilled water, acetone, aqua regia or 35% nitric acid (v/v), and
copious quantities of 3-D water.
In each of the reaction runs, appropriate quantities of MBB, H202, NaOH and
3-D water were added to the reaction vessel to give a solution (155 mL) initially
containing 20.0 mM MBB and 100 mM H202 at pH 11.0. The reaction solutions were
prepared by adding weighed amounts of MBB and cooled, boiled-out 3-D water to
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the reactor. Additives, if present, were included at this point along with suf-
ficient 30% ultrapure NaOH solution (ca. 0.8 mL) to just dissolve the MBB (pH
8-9). The catalysts were added as 1 mL aliquots of stock metal ion solutions.
The reactor, with the cover bolted in place, was then lowered into the
water bath. As the reactor reached thermal equilibrium (ca. 2 h), the solution
waspurged through the sample line with a slow stream of nitrogen. A calculated
amount of H202 stock solution was weighed into the sample syringe (plunger
removed), and the reaction was initiated by injecting the H202 into the reactor
with nitrogen pressure. A small amount of preheated 3-D water was also added
through the syringe to insure that all of the H202 reached the reactor. The
valves were then closed (configuration 1-3), and NaOH solution was added via the
NaOH addition syringe (Fig. 44) to give a pH of 11.0 ± 0.05. The syringe
plunger was then pulled back to its original position in order to prevent dif-
fusion of excess NaOH into the reactor. Addition of hydrogen peroxide and
adjustment of the pH required 1-2 minutes to complete.
The hydrogen peroxide decomposition kinetic runs were performed by the pro-
cedure given above (except MBB was not added).
The Control-A reaction solution was prepared in a different manner. The
sealed reactor, containing only 3-D water, was lowered into the water bath.
Hydrogen peroxide stock solution was injected into the reactor and the pH ad-
justed to 10.9. The concentration of H202 (ca. 150 mM) was determined by iodo-
metric titration, and the decomposition was followed by monitoring the evolved
oxygen. When the required peroxide concentration was reached, the reaction was
initiated by injecting a warmed, concentrated aqueous solution of MBB (10 mL)
(followed by rinse water) into the reactor, and adjusting the pH to 11.0.
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Reaction Sampling
The reaction solution was periodically sampled by the following procedure:
The system was first adjusted to ambient pressure and the valves turned to the
1-2 configuration (Fig. 44). After withdrawing ca. 15 mL of reaction solution,
the syringe was disconnected from the valve, and solution remaining in the
sample line drained back into the reactor. The valves were immediately returned
to the 1-3 configuration. The entire sampling procedure was completed within 30
seconds.
The sample was injected into a clean, dry test-tube which was placed in an
ice bath to slow further reaction. Portions of the cooled sample were imme-
diately taken for the various analyses.
Analysis of Reaction Solution
Oxygen Evolution
Hydrogen peroxide decomposition was followed over the course of the reaction
by measuring the volume of evolved oxygen. The number of millimoles of oxygen
(02, mmol) evolved is given by Eq. (33).
02, mmol = (Vg/22.4) ° (273/(273+T)) o ((P-Pv)/760) + dissolved (33)
where
Vg = oxygen volume, mL
T = temperature of water jacket, °C
P = atmospheric pressure, mm of Hg
Pv = vapor pressure of water, mm of Hg
dissolved = (a) * (Vi/22.4) ° (P/760), where a = 0.02 [Bunsen absorption
coefficient extrapolated from work of Bruhn (114)], and Vi =
initial reaction solution vol., mL
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Taking into account the stoichiometry of the decomposition reaction [Eq.
(18)], the concentration (mM) of decomposed hydrogen peroxide ([H202]d) was
calculated by Eq. (34).
[H202]d = (2000) * (02, mmol)/(Vs) (34)
where
Vs = reaction solution volume, mL
Hydrogen Peroxide Analysis
The concentration of residual H202 in the reaction solution was determined
by a standard iodometric titration procedure (115). A 1 mL aliquot of cooled
reaction solution was added (via an auto-pipetter) to a freshly prepared solu-
tion containing: 20 mL of 2N H2S04, 10 mL of 3% potassium iodide (w/w), and 3
drops of 10% ammonium molybdate (w/w). The liberated iodine was immediately
titrated with standard 0.01N sodium thiosulfate to a starch endpoint. The end-
point was reached within 30 seconds of addition of the sample. The con-
centration of H202 was calculated by Eq. (35), and the average of duplicate
samples are reported in Appendix II.
[H202] mM = (mL of titrant) x 5 (35)
MBB Analysis
Reaction solution (ca, 1 mL) was added to a tared 8-mL vial containing a
quench solution (0.3 mL of 1,4M KH2P04 and 0.3 mL of 0.75M NaAsO 2). The vial
was weighed and internal standard solution (n-octacosane in chloroform) was
added via a glass hypodermic syringe. After reweighing the vial, the mixture
was transferred to a separatory funnel (60 mL) with a pipet and acidified (pH 2)
with a few drops of 2N H2S04o Chloroform (5 mL) was used to rinse the inside
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surfaces of the vial and pipet. This solvent was transferred to theseparatory
funnel via the pipet and used to extract the mixture; This process was repeated
three times in order to assure complete transfer and extraction of the sample
and internal standard.
The combined chloroform extracts were dried over Na2S04, decanted, and evap-
orated in vacuo to ca. 2 mL in a pear-shaped flask. The solution was trans-
ferred to a 4-mL screw-top vial, and after evaporation to dryness, the sample
was stored over P205 in a vacuum desiccator for a few hours to removethe last
traces of water.
The sample vial was fitted with a septum, and the residue was dissolved in
0.5 mL of chloroform (dried over Molecular Seive 4A). The mixture was then
treated with 0.2 mL of N,O-bis-(trimethylsilyl)-acetamide (BSA; Pierce Chemical
Co.) and heated (50°C) for two hours prior to analysis by GLC (Appendix VII,
conditions A). Duplicate samples (injected in triplicate) were averaged and
reported in Appendix II.
Methanol Analysis
Reaction solution (ca. 1 mL) and internal standard solution (aqueous
ethanol) were gravimetrically added to a tared 8-mL vial containing quench solu-
tion (see above). The sample was then analyzed directly by GLC (Appendix VII,
conditions B).
Acidic Products Analysis
A 10 mL aliquot of reaction solution was directly added to a 25 mm x 200 mm
test tube (in an ice bath) and neutralized with carbon dioxide delivered via a
gas dispersion tube. A 1 mL aliquot of internal standard solution (aqueous
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vanillic acid) was added, and the residual H202 decomposed by addition of 1 mL
of a freshly prepared aqueous solution (0.3%, w/w) of catalase (beef liver; P-L
Biochemicals, Milwaukee, Wisconsin).
The solution was deionized by batch addition of ca. 3 mL of Dowex 50W-x8
(H+) cation exchange resin (20-50 mesh). This lowered the solution pH (ca. 3)
and caused unreacted MBB to precipitate from solution. The mixture was filtered
through a sintered glass funnel and the resin/MBB solids were rinsed with
distilled water (2 x 5 mL). The filtrate was adjusted to pH 5-6 by addition of
a few drops of aqueous 10% tetraethylammonium hydroxide (Eastman Kodak Co.), and
evaporated in vacuo (< 45°C) to ca. 2 mL in a pear-shaped flask. The solution
was transferred to a 4-mL screw-top vial, and after evaporation to dryness, the
sample was stored over P205 in a vacuum desiccator for several hours to remove
the last traces of water.
The sample vial was fitted with a septum, and the residue was dissolved in
0.2 mL of silylation grade DMSO (Pierce Chemical Co.). The mixture was then
treated with 0.5 mL of Tri-Sil concentrate (hexamethyldisilazane trimethylchloro-
silane mixture; Pierce Chemical Co.) and heated (50°C) for four hours prior to
analysis by GLC (Appendix VII, conditions C), or GLC/MS (Appendix IX).
Methylation and Hydrogenation of Acidic Products
For the purposes of product identification (see Appendix VIII), samples of
the acidic products mixture were treated by the procedures described below.
Selected samples were methylated by dissolving the residue (obtained after
normal workup) in 20 mL of dichloromethane and refluxing for 2 h in the presence
of methyl iodide. After evaporation, the residue was dissolved in diethyl ether
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and filtered. The solution, containing carboxylic methyl esters., was analyzed
by GC/MS. Any free hydroxyl groups on the products were converted to TMS ethers
by treating a portion of this solution with Tri-Sil concentrate.
A sample of the acidic products mixture was hydrogenated by the following
procedure. The residue (obtained after normal workup) was dissolved in 10 mL of
absolute ethanol. A small scoop of catalyst (10% Pd on charcoal) was added and
hydrogen gas was bubbled through the solution (with good agitation) for 6 h.
After filtering, and evaporating the solvent, the residue was silylated (as
above) and analyzed by GC/MS.
Test of Product Stability in Alkali
Oxygen gas was bubbled through an aqueous solution of MBB (30 mM) kept at pH
11 and 45°C. After 315 minutes the reaction solution was sampled (5 mL) and
nitrogen (in place of oxygen) was used to purge the solution. After 90 minutes
under these nonoxidative alkaline conditions, the solution was again sampled.
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APPENDIX I
HYDROGEN PEROXIDE DECOMPOSITION DATA















































a[H202] i - 102 , as [H 2 02 ]= H202102








































































































































Hydrogen peroxide decomposition runs with no additives.
[H202] measured by titration method; pH 11.0-11.4 ± 0.1.
































































































Hydrogen peroxide decomposition runs with FeS04 or CuS0 4 added.
[H202] measured by titration method; pH 11.0-11.4 ± 0.1, 45°C.
[H2 02 ], mM Time, min [H202], mM Time, min [H202], mM






























































Run C-2 (9.1 uM Cu)

























































































Table 1-7. Hydrogen peroxide decomposition runs with MnSO4 added (45 C).
Time, [02], as [H202] mM by:
min [H202], mM Titration 02 Meas.a Ratiob pH
Run M-2 (1.8 PM Mn)
0 -- 154 -- 1,00 10.9
10 5.3 -- 149
20 12.3 140 142 1.01 11.0
30 16.7 -- 137 -
40 20.5 -- 133 -- 11.0
50 24.3 126 130 1.03
60 27.9 -- 126 -- 11.1
70 32.2 120 122 1.02
80 35.8 -- 118
90 38.8 -- 115
110 47.3 108 107 0.99 11.15
130 54.0 -- 100 -
170 58.9 96.3 95.1 0.99 11.20
200 65.5 -- 88.5
260 69.8 -- 84.2 -- 11 30
350 75.6 70.6 78.4 1.11 11.40
Run M-3 (9.1 IM Mn)
0 -- 151 -- 1.00 10.9
10 9,5 -- 141
20 16.8 136 134 0.99 11.05
30 23.1 -- 128 -- 11.10
45 31.9 -- 119 -- 11.30
60 40.0 112 111 0.99 11.40
75 47.3 -- 104 -- 11.5
90 54.0 -- 97.0 -- 11.55
105 60.6 -- 90.4 -- 11.60
120 66.1 83.6 84.9 1.02 11.65
135 71.7 -- 793.3
150 76.7 -- 74.3 -- 11.70
165 81.5 -- 69.5 -- 11.70
180 86.1 63.0 64.9 1.03
195 90.5 -- 60.5 -- 11.75
210 94.5 -- 565.5
225 98.5 50.3 52.5 1.04 11.75
See end of table for footnotes.
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a[H202] i - [02], as [H202] = [H202]02



































HYDROGEN PEROXIDE/MBB REACTION DATA (45°C)













































































































































Table 20. Fe reaction: 300 PM FeSO4 added.
Time, [H202], mM_
min Residual Decomposed Consumed MBB, mM MeOH, mM pH
0 100 - -- 20.0 -- 11.02
5 -- 6.2 - -- -- 11.07
10 -- 11.0 - -- -- 11.10
15 81.0 15.7 3.3 18.6 0.95 11.14
25 -- 23.8 -- -- -- 11.21
30 65.7 27.1 7.2 18.1 1.66 11.22
40 -- 32.7 -- -- -- 11.26
50 50.5 37.4 12.1 17.6 2.75 11.29
60 41.2 -- -- 11.32
70 -- 44.3 -- -- -- 11.34
75 36.6 45.6 17.8 17.1 3.58 11.36
90 -- 49.2 -- -- -- 11.39
110 -- 52.6 -- -- -- 11.42
120 20.8 53.8 25.4 16.5 4.80 11.44
Table 21. FC reaction: :300 pM K3Fe(CN)6 added.
Time, [H202], mM
min Residual Decomposed Consumed MBB, mM MeOH, mM pH
0 100 - -- 20.0 -- 11.02
10 -- 8.9 - -- -- 11.05
20 -- 14.5 -- -- -- 11.08
30 67.5 19.0 13.5 17.2 3.06 11.10
45 -- 23.8 -- -- -- 11.14
60 -- 27.5 -- -- -- 11.18
80 38.2 31.1 30.7 15.2 5.62 11.24
100 -- 33.7 -- -- -- 11.26
130 22.5 36.1 41.1 14.4 7.45 11.28
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Mn reaction: 21 PM MnSO4 added.
























































































CALCULATION OF TOTAL ACIDIC GROUPS FORMED
The total concentration of organic acid groups formed during the oxidation
reactions was calculated based on the following derivation.
The following equilibria and ions exist in the reaction solution:
H202 =± H+ + HO2 (36)
H20 - H+ + HO- (37)
MBB2 :- Ht + MBB2 (38)
MBB 2 = H+ + MBB2 (39)
A-H -- > H+ + A- (40)
NaOH -> H + HO- (41)
where
MBB 2 = dianion of MBB (both carboxylic acid groups ionized)
MBB2, MBB2 = phenoxy mono- and di-anions of MBB 2, respectively
A-H = organic acids formed by oxidation of MBB.
A balance of the ionic charges described in these equations gives:
[Na+ ] + [H+] = [HO-] + [HO2 ] + [MBB2] + MBB2] + 1A-] (42)
This equation can be reduced to Eq. (43) based on the following assumptions:
1. [H+] is negligible at pH 11
2. Equation (38) and (39) can be neglected since the two ionized MBB2
species are not likely protonated after oxidation.
[Na+] = [HO1 + [H+ [102 + [A- ] (43)
where [Na+]o = initial [Na+ ] when [A-] = 0 and [MBB 2 ' 
2 ] are neglected.
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The [A] can now be evaluated using the reaction data and the following pro-
cedure. The [Na+]o is first calculated using the known initial conditions (pH
and [H202 ]) and Eq. (44) and (45). For a given reaction time, the [A-] is then
calculated by using the measured pH and [H202], and again Eq. (44) and (45).
Table 25 summarizes the results of these calculations on the data from the
Control reaction. .
pH = log[HO-] + pKw
pH = pKa + log([H02]/([H202]-[H02]))
where
pKw = 13.4 and pKa = 11.31
(44)
(45)













































































rate data in the absence of MBB
or added metal ions.




































aRates determined by measuring slopes
of tangents on the [H202] vs. time
plots of data from Appendix I.
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Peroxide decomposition rate data in the presence of
MBB. The rates were measured from the slopes of
tangents of [Ox] vs. time plots for the reactions
with the MBB present.
Reaction
Time, min.















































































































































Rate data measured from the slope























































































































































KINETIC MODEL ANALYSIS OF MBB/H202 REACTION
The computer programs used in the kinetic model analysis are stored in the
Institute's Computer Center tape library, and are only briefly described here.
Optimal values of k5, k6 (or k4, k7) for the kinetic model defined by Eq. (28),
(29) [or (24), (30)] were obtained by using a multiresponse parameter estimation
(MRPEST) computer program (116). This program was coupled with an IMSL
subroutine (DVERK) which evaluated the differential rate expressions.
Experimental data ([MBB], [H202] vs. time), and k2, n2 (Table 7) from each reac-
tion were the main inputs to the program. The MRPEST program uses a parameter
estimation procedure which involves the minimization of the determinant based on
the residuals for the two responses ([MBB], [H202]).
A separate program using DVERK was employed to produce calculated reactant
concentration-time data from the given kinetic model using the appropriate rate
constants (Table 29). These calculated values were plotted as curves in Fig.
48-52 along with the experimental data from Appendix II.
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Table 29. Values of rate constants used in the kinetic models.
Rate Constantsa
Reaction k2 k4 k5 k6
Control 5.42E-05 -- 2.69E-05 2.06E-0
Cu 1.08E-02 5.90E-03
Fe 1.16E-03 -- 3.60E-05 2.30E-0
FC 7.28E-04 -- 5.39E-05 3.78E-0
Mn 1.95E-02 -- 8.60E-05 7.23E-0
aunits: k4, k7, k2 (Cu), k2(Mn)
k5, k6, k2 (Control)
k 2 (FC, Fe)
NOTE: k2 values are from Table
- min'-
- mM-Il min- .,
- mMr-05 · min-I














KINETIC MODEL FOR XI FORMATION
A kinetic model which describes the rate of formation of 5-hydroxymethyl-
hydroferulic acid (XI) under the Control reaction conditions was derived in the
following manner. The overall rate equation for the observed formation of XI
was assumed to be:
d[XII/dt = kf[H2021[MBB] - kd[XI] (46)
Rate constant, kd, represents the pseudo-first-order rate constant for the
disappearance of XI in the presence of a large excess of H202 (a condition which
exists over most of the reaction). This constant was evaluated in separate,
duplicate experiments by following the degradation of XI (5 mM) in alkaline
hydrogen peroxide (50 mM H202, pH 11.0, 45°C), and applying the integral method
of kinetic analysis (Fig. 53).
Rearrangement of Eq. (46) gives an expression [Eq. (47)] which can be used
to evaluate kf. The data for this calculation are presented in Table 30.
kf = (d[XI]/dt + kd[XI])/[H202][MBB] (47)
With the values for kf and kd determined, Eq. (46) was combined with Eq.
(28) and (29) (Kinetic section) to define the kinetic model. Using the method
described in Appendix V, the model gave calculated [XI] - time curves (Fig. 38).
For the case in which no degradation of XI was assumed, kd was set equal to zero.
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Figure 53.







Kinetic plot of XI degradation data according
to the integration method (45°C, 50 mM H202,
5 mM XI, pH 11.0).

































aRates measured from slopes of tangents along the observed [XI] vs. time
curve for the Control reaction.




The method of internal standardization was employed for the quantitative and
semiquantitative GLC analysis. Molar response factors relative to an internal
standard were calculated according to Eq. (48).
Fx = Ar x Mr (48)
where
Fx = response factor for compound X relative to the internal standard
Ar = ratio of GLC peak areas of compound X to the internal standard
Mr = mole ratio of the internal standard to compound X
Response factors were experimentally determined by subjecting a series of
solutions, prepared with varied mole ratios, to the appropriate workup and
analysis procedure. These samples were then analyzed by GLC in triplicate, and
response factors were calculated as an average of the values obtained. For
semiquantitative GLC analysis, estimated response factors were calculated based
on the effective carbon numbers of the compound and the internal standard (117).
The concentration of a given compound in the reaction solution was calcu-
lated according to Eq. (49).
[X] = (Ar)(IS)(D)/(S)(Fx) (49)
where
[X] = concentration of compound X, mM
IS = internal standard, mmoles
D = density of reaction solution, mg/mL
S = sample weight, g
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Table 31 describes the various GLC conditions and columns used in this work,
and Table 32 lists the retention times and response factors of the associated
compounds.
Table 31. Gas-liquid chromatographic conditions.
Conditions A B C D
Instrument PE-3920 PE-3920 HP-5840A Varian 202
Column type OV-1a Poropakb OV-17c OV-17d
Derivative TMS None TMS TMS
Column temp., °C 250 75 50 -> 290 Varied as
at 4°/min necessary
Injector temp., °C 290 150 310 335
Detector temp., °C 290 175 320 335
Carrier gase N2 N2 He He
Carrier gas flow
rate, mL/min 32 27 30 85
aGlass column (3 ft x 0.25 inch, 2 mm ID) rigged for off-column injection and
packed with 3% OV-1 on 80/100 mesh Chromosorb W-HP (L. C. Company, Inc.).
bTeflon column (2 ft x 0.12 inch, 1.6 mm ID) rigged for off-column injection and
filled with Poropak Super-Q 80/100 mesh (All-tech Associates).
CGlass column (6 ft x 0.25 inch, 2 mm ID) packed with 3% OV-17 on 80/100
Supelcoport (Supelco, Inc.).
dNickel column (8 ft x 0.25 inch) rigged for off-column injection and filled
with 10% OV-17 on 50/60 mesh Chromosorb W-AW DMCS.
eGases: prepurified nitrogen or high purity helium (Matheson Gas).
-132-
Table 32. Retention times (Tr) and response factors (Fx).






a) 0.942 ± 0.025
a) 1.000















































aCalculated relative to n-octacosane under the specified conditions.
bCalculated relative to ethanol under the specified conditions.
CEstimated on an effective carbon number basis relative to vanillic acid.
dCalculated relative to vanillic acid under the specified conditions.
eAssumed response factor relative to vanillic acid.
NOTE: Error values (± standard deviation) are only shown for the




























This Appendix presents a detailed examination of the experimental evidence
used to identify the acidic reaction products. The main technique used for the
identifications was GC/MS analysis of the derivatized acidic product mixtures.
Three different methods of derivatization were employed (see Experimental): (1)
trimethylsilylation, (2) methylation, and (3) methylation followed by tri-
methylsilylation.
In the first method,.the TMS derivatives of.all hydroxyl.and carboxylic acid
functions of the products were formed. In the.second method, only the
carboxylic acid groups were methylated, leaving the hydroxyl groups underiva-
tized. These free hydroxyl groups were converted to TMS ethers by the third
method. Mass spectra of all of the products derivatized by the latter two
methods were not obtainable. However, use of these three derivatization methods
did greatly aid in the identification of many of the acidic products by GC/MS.
Preparative GLC was used to a limited extent to isolate small quantities of
selected products for nuclear magnetic resonance (NMR) and infrared (IR)
spectroscopic analyses.
PRODUCTS FOR WHICH KNOWNS WERE AVAILABLE
Some of the acidic products (I-V) were identified by comparing the mass
spectra of their TMS derivatives with reference spectra of known compounds. The
reference spectra are from the Wiley Library stored in the computer of the GC/MS
system. Figures 71-75 (Appendix IX) present the comparisons of the mass spectra
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of the products to the references. These products also showed the same relative
GLC retention times as the known compounds (II not tested).
The relative GLC retention time and the mass spectrum of the TMS derivative
of XI was identical to that of the known compound obtained by direct synthesis.
PRODUCTS FOR WHICH KNOWNS WERE NOT AVAILABLE
The structural assignment of many of the remaining acidic products are exa-
mined in this section. These identifications must be considered tentative since
known compounds were unavailable, and complete spectral and chemical analyses
were not performed. However, the structures proposed here are consistent with
the spectral data obtained, and are analogous to products identified in other
studies of oxidation of lignin models (see MBB Oxidation Products section).
The mass spectra of TMS derivatives contain certain common peaks which are
useful for the interpretation (118). The m/e (mass to charge ratio) of the base
peak of a silylated compound is usually 73 (TMS+). A relatively intense peak at
m/e 147 indicates the compound contains more than one TMS ester and/or ether
group (m/e 147, (CH3)2-Si=O-TMS+).
Identification of the molecular ion (M) is usually aided by the presence of
a prominent M-15 ("CH3) peak. In addition, M-90 (HO-TMS), M-90-15, M-117
(°COOTMS) and M-118 (HCOOTMS) are peaks commonly present which aid in the
recognition of M.
Figures 54 and 55 show the mass spectra and fragmentation patterns for the
TMS derivatives of VI and VII. Upon catalytic hydrogenation (see Experimental)
VII was quantitatively converted to VI - an observation which is consistent with
the assigned structures.
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Figure 54. Mass spectrum and fragmentation pattern of the TMS derivative of VI.
100 -
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Figure 55. Mass spectrum and fragmentation pattern of the TMS derivative of VII.
5
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Figure 56(a) depicts the mass spectrum and fragmentation pattern of the TMS
derivative of VIII. The prominent molecular ion (m/e,%:328,13.2) is consistent
with VIII being aromatic. The methylated derivative of VIII has a molecular weight
of 212 [Fig. 56(b)] which indicates the compound contains two acid groups and no
hydroxyls. The underivatized product was left unchanged after catalytic hydrogena-
tion. The IR and 1H-NMR spectra of the TMS derivative of VIII further supports the
assigned structure. The IR spectrum (Fig. 57) showed a strong absorbance at
1692 cm- 1 which is characteristic of the carbonyl stretch of the ring conjugated
carboxyl group of 2-furoic acids (119). In the NMR spectrum (not shown) the
ring protons gave singlet peaks at 7.6 and 7.26, and the methylene protons of the
propanoic acid side chain produced a multiplet at 2.656 (acetone-d6 solvent).
The mass spectra and fragmentation patterns of the TMS derivatives of XIV and
XVIII are shown in Fig. 58 and 59, respectively. The prominent molecular ions
(m/e,%:470,13.9; 670,25.7) are consistent with these compounds containing an
aromatic ring.
Figures 60 and 61 show the mass spectra and fragmentation patterns of the
TMS and methyl/TMS derivatives of XIX. The IR spectrum of the TMS derivative of
XIX showed two strong carbonyl stretching bands at 1710 cm- 1 and 1742 cm- 1 (Fig.
62). These bands are assigned to the TMS ester and the unsaturated y-lactone
carbonyls (120), respectively.
The mass spectrum and fragmentation pattern of the TMS derivative of XX is
shown in Fig. 63(a). The methyl/TMS derivative of XX has a molecular weight of
536 [Fig. 63(b)] which is consistent with a structure containing three carboxylic
acid groups and one hydroxyl group. The IR spectrum of the TMS derivative of XX






Figure 56. (a) Mass spectrum and fragmentation pattern of the TMS derivative




groups). The shoulder seen on the higher frequency side of this peak is con-
sistent with the presence of a lactone carbonyl.
Figure 57. IR spectrum of TMS derivative of VIII isolated by prep-GLC.
Figure 65 shows the mass spectrum and fragmentation pattern of the TMS
derivative of XXI. The M-90 and M-90-15 peaks help establish m/e 724 as the
molecular ion. Interestingly, the spectrum does not contain a peak for M-15
(loss of °CH3). Loss of H-O-TMS (M-90) must lead to a very stable structure
since this step occurs before the facile loss of "CH3. The structure shown in
Fig. 65 for M-90 (m/e 634) shows that increased resonance is gained through





















Mass spectrum and fragmentation pattern of the TMS
derivative of XIX.
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Mass spectrum and fragmentation pattern of the methylated/silylated





Figure 62. IR spectrum of TMS derivative of XIX isolated by prep-GLC.
UNIDENTIFIED PRODUCTS
The remaining products (IX, X, XII, XIII, and XV) could not be'identified
based on their mass spectra. Since they were present in such low con-
centrations, only mass spectral data of their TMS derivatives were obtainable,
and their structures were not pursued. These unidentified products however only
represented (in total) a maximum of ca. 8% of the reacted MBB in any one
reaction (Table 12). Figures 66 and 67 show the mass spectra of the TMS deriva-
tives of IX/X and XII/XIII, respectively. The only useful conclusion that can
be drawn from a study of the spectra is that IX and X (TMS) appear to be isomers
with a molecular weight of 522.
R
R = -CH 2 -CH 2 -COOTMS
R
-HOTMS
Figure 63. (a) Mass spectrum and fragmentation pattern of the TMS
derivative of XX. (b) Mass spectrum of methylated/























Figure 67. Mass spectra of the TMS derivatives of XII and XIII.
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APPENDIX IX
GAS CHROMATOGRAPHIC-MASS SPECTRAL ANALYSIS
The operating conditions for the Hewlett-Packard 5985 GC/MS System are given
in Table 33. The GLC conditions were previously described (conditions C,
Appendix VII).
Table 33. Mass spectrometer operating conditions.
Jet separator temperature: 275°C
GC transfer line probe: 275°C
Ion source temperature: 200°C
Electron multiplier voltage: 1600-2200 V
Ionizing voltage: 70 eV
Vacuum: 3 x 10E-6 torr
Mass scan range: 33-900
The mass spectral data for the trimethylsilyl derivatives of the synthesized
compounds are presented in Fig. 68-70. Figures 71-75 show the comparisons of
the mass spectra of I-V with their respective references for the Wiley Library.




Figure 69. Mass spectrum of TMS derivative of MBB.




Figure 71. Comparison of mass spectra of TMS derivatives of I
and glycolic acid.
Figure 72. Comparison of mass spectra of TMS derivatives of II
and 3-hydroxy-propanoic acid.
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Figure 73. Comparison of mass spectra of TMS derivatives of III
Figure 74. Comparison of mass spectra of TMS derivatives of IV
and levulinic acid.
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Figure 75. Comparison of mass
and succinic acid.
TMS derivative- of V




DETERMINATION OF PKa's OF THE PHENOLIC HYDROXYLS OF MBB
The pKa's of the phenolic hydroxyls of MBB were determined by UV spectroscopy.
The method is given in detail by Albert and Serjeant (121) and is briefly
discussed below.
The calculation for pK1 is based on the following equations:
pK1 = pH + log [(A - A1)/(Ao - A)] (50)
where
A = absorbance of sample
Al = absorbance of monoanion
Ao = absorbance of unionized form
Rearrangement of Eq. (50) gives:
A = Al - (l/K 1)(A - Ao)[H+] (51)
Similarly, pK2 is calculated from:
pK2 = pH + log [(A - A2 )/(A 1 - A)] (52)
where
A2 = absorbance of di-anion
Rearrangement of Eq. (52) gives:
A = A2 - (a/K2 )(A - A1 )[H+] (53)
A regression analysis of the data in Table 34 using Eq. (50) gave values for
Al (intercept) and pKI (slope). (The value for Ao was determined at pH 2.4 to
be 0.027 at 296 nm.) In a similar manner pKa was calculated from the data in
Table 35 and Eq. (53) (with the value for Al obtained above).
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NOTE: Samples contained 0.1 mM MBB in 0.01N boric
acid with pH adjusted with KOH. Blanks pre-
pared without MBB (25°C, P = O.01M, 1 cm cell).
Table 35. pH and absorbance (A) data for
calculation of pK2.






NOTE: pHc = calculated pH measured by titration with
standard acid. Samples contained 0.1 mM MBB
with various amounts of NaOH and NaCl to give
the pH value and P = 1.26M (25°C, 1 cm cell).
The pKa's determined by this method and their respective 95% confidence
limits are: pK1 = 8.92 ± 0.09 and pK2 = 13.51 ± 0.07. This fairly wide dif-
ference between the two pKa values is typical of o,o'-dihydroxydiphenylmethanes
(122). It has been attributed to the formation of an intramolecular hydrogen
bond upon ionization of the first hydroxyl.
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The pKa values were used to calculate the distribution of ionized MBB
species as a function of pH. The results (Fig. 76) show that more than 90% of
the MBB contains only one ionized hydroxyl over a wide pH range (pH 10-12.5).
Calculated distribution of ionized MBB species as a function
of pH (based on pK1 = 8.92 and pK2 = 13.51 for the phenolic
hydroxyls at 25°C). The curves represent the three forms of
MBB with respect to the state of ionization of the phenolic
hydroxyls: undissociated (-), monoanion (- - - -), and
di-anion (- ° -).
/
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